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REMARKS/ARGUMENTS 



Status of the claims 



With entry of this amendment, claims 34-37 and 40 are amended, claims 47-52 
are added, and claims 41-46 are canceled. Claims 34-40 and 47-52 are pending with entry of the 
amendment. 

//. Support for the amendments 

Support for the amendments can be found in the specification, drawings and 
claims as originally filed. For example, support for "at least 30 nucleotides" in claim 34 can be 
found on, e.g., page 28, lines 8-16 of the specification. Support for the various floral phenotypes 
recited can be found on, e.g., page 44, lines 12-24 of the specification. Support for increased 
endosperm size can be found on page 25, lines 20-21 of the specification. Support for new claim 
47 can be found on, e.g., page 44, lines 12-24 and page 16, line 9 of the specification. No new 
matter is added. 

///. Interview 

Applicants thank the Examiner for the phone interview on July 14, 2004. The 
relation of decreased expression to organ identity and number and meristem was discussed, as 
well as overexpression and delayed flowering. Applicant indicated that a terminal disclaimer 
might be appropriate if the other patentability issues were resolved. Various aspects of claim 
scope including percent identity and RNAi-type claims were discussed. Applicants believe they 
have addressed the Examiner*s concerns in this Amendment. 

IV. Objection to the Abstract and Title 

The Examiner objected to the abstract and title as allegedly not clearly indicative 
of the invention. Applicants have amended the abstract and title as requested. Applicants 
respectfully request withdrawal of the objections. 
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K Objection to claims 40-45 

The Examiner objected to claims 40-45 as not further limiting the independent 
claim. As these claims are canceled or amended, the rejection is moot. Accordingly, withdrawal 
of the rejection is requested. 

VI. Rejection under 35 US.C. § 112, first paragraph: enablement 

Claims 34-46 were rejected as allegedly not meeting the enablement requirement. 
Specifically, the Examiner argued that the specification did not enable those of skill in the art to 
make and use the full scope of the claimed invention. The Examiner questioned whether the 
homology between endonuclease III, glycosylases and DMT polypeptides was real given the low 
homology described in the application. The Office Action further questioned whether DMT 
affected DNA methylation. As DMT does in fact modulate DNA methylation and the 
specification does enable those of skill in the art to practice the full scope of the claimed 
invention, Applicants respectfiiUy traverse the rejection. 

To establish a prima facie case of non-enablement, the Examiner must show that 

undue experimentation would be required to make and use the claimed invention. Even if the 

practice of the claimed invention requires a considerable amount of experimentation, it is not 

necessarily "undue" experimentation: 

The test is not merely quantitative, since a considerable amount of 
experimentation is permissible, if it is merely routine, or if the 
specification in question provides a reasonable amount of guidance with 
respect to the direction in which the experimentation should proceed. In 
re Wands, 8 USPQ2d 1400 (Fed. Cir. 1988) (citing In re Angstadt, 190 
USPQ 214 (CCPA 1976). MPEP § 2164.06. 

As amended, there are two sets of claims under prosecution (claims 34-39 and 47- 
52). The first set of claims is directed to methods of inhibiting DMT expression, thereby 
resulting in modulated floral organ identity, modulated floral organ number, or increased 
meristem size. As described in the specification (e.g., on page 44, lines 12-18), in dmt/dmt plants 
the above-described phenotypes are observed. For example, as illustrated in Choi et aL, Cell 
1 10:33-42 (2002) (Exhibit A), Figure 2F, both stamen and petal identity is affected. Reduction 
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of DMT activity due to DMT mutation generates flowers with altered numbers of floral organs. 
See Choi et al^ Figures 2B and 2C for petals and sepals. Figure 2H for gynoecia, and Figure 21 
for stamens. Moreover, the inventors observe fascinated (i.e., larger, thicker) stems in dmt/dmt 
plants. Fasciation is caused by modulation of meristem size. See, e.g., Leyser et ah. 
Development 1 16:397-403 (1992) (Exhibit B). Please note that the inventors have since 
abbreviated the DEMETER gene name as DME rather than DMT, In view of the above evidence, 
it is clear that reducing DMT activity or expression results in the recited phenotypes. 

Claim 34 recites that DMT expression may be reduced by expressing an 
"expression-inhibiting polynucleotide comprises at least 30 contiguous nucleotides of a 
polynucleotide encoding SEQ ID NO:2." This claim encompasses the inhibition of DMT 
expression using various RNAi technologies, including antisense- and sense-based suppression 
as provided in the specification on page 27, line 22 to page 28, line 29 and page 29, line 22 to 
page 30, line 17. RNAi-based suppression of endogenous gene expression was well-known as of 
the filing date of the present application. For example, in 2000, Chuang et al. (Proc. Natl: Acad 
Sci USA 97(9):4985-4990 (2000) (Exhibit C) demonstrated that use of gene fi-agments {see, e.g., 
last sentence of "constructs" paragraph on page 4985) were usefiil for knocking out endogenous 
gene expression. The paper concludes that RNAi "... is a usefiil method for determining the 
loss-of-fimction phenotypes of genes ...." 

The length of expressed sequences effective in RNAi can be as short as 23 
nucleotides of complete identity. See, e,g., Thomas et al.. Plant J. 25(4):417-25 (Feb., 2001) 
(Exhibit D). Thus, those of skill in the art could have readily used the sequences recited in claim 
34 to reduce expression of DMT. Accordingly, the fiill scope of claim 34 is enabled by the 
specification. 

Claim 47 recites a method of delaying flowering time by introducing into a plant 
an expression cassette comprising a promoter operably linked to a DMT polynucleotide, or a 
complement thereof, encoding a polypeptide at least 80% identical to SEQ ID N0:2, wherein the 
polypeptide comprises a leucine zipper and a nuclear localization signal sequence. In response 
to the Examiner's questions regarding the function of DMT, Applications submit Choi et al. 
(Exhibt A) and Xiao et al. Develop. Cell 5:891-901 (2003) (Exhibit E). As illustrated in Figure 
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3 of Choi et a/., the proposed glycosylase domain of DMT comprises a large number of 
conserved amino acids with known DNA glycosylases, including two highly conserved glycines 
and an aspartate {see^ page 3 of Choi et aL), Xiao et al demonstrates that mutations that 
suppress the effect of DMT mutations can be found in a methyltransferase, thereby providing 
further evidence that DMT modulates methylation. In view of the sequence conservation with 
glycosylases and the structure/function knowledge base for glycosylases, those of skill could 
have readily introduced changes into SEQ ID NO: 2 to maintain activity without undue 
experimentation. 

Moreover, Applicants note that claim 47 further recites that the DMT polypeptide 
comprises a leucine zipper and a nuclear localization signal sequence. Those of skill in the art 
were well aware of the structures of such domains and therefore it would not have required 
undue experimentation to make and use sequences within the scope of the claims. 

Finally, Applicants note that the exact scope of sequence identity was already 
issued in the parent application (now U.S. Patent No. 6,476,296) of the present application. The 
Examiner is reminded that claims issued by the Patent Office are presumed valid. 

In view of the above arguments. Applicants respectfully request withdrawal of the 
enablement rejection. 

VIL Rejection under 35 U.S.C. § 112, first paragraph: written description 

Claims 34-46 were also rejected tmder the written description requirement 
because the application allegedly only teaches one sequence within the scope of the claims and 
allegedly provides no structural basis to identify other sequences within the scope of the claims. 
Applicants respectfully traverse the rejection. 

"The written description requirement does not require the applicant 'to describe 
exactly the subject matter claimed, [instead] the description must clearly allow persons of 
ordinary skill in the art to recognize that [he or she] invented what is claimed.'" Union Oil Co, v. 
Atlantic Richfield Co,, Docket No. 99-1066 (Fed. Cir. 2000) citing In re Gosteli, 10 USPQ 2d 
1614, 1618 (Fed. Cir. 1989) (brackets in original). Whether claims have met the written 
description requirement is a factual determination. See In re Wertheim, 191 USPQ 90, 96 
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(CCPA, 1976). When considering whether claims satisfy the written description requirement, it 
is essential to keep in mind the purpose for the description requirement, i.e., to ensure that, as of 
the filing date, the inventor conveyed with reasonable clarity to those of skill in the art that he 
was in possession of the subject matter of the claims. See Vas-Cath, Inc, v. Mahurkar, 19 USPQ 
2d nil, 1117 (Fed. Cir. 1991). 

With regard to claim 34, and claims depending from claim 34, the specification 
teaches that polynucleotide fragments comprising as few as 30 nucleotides may be used in the 
sense orientation (page 30, lines 5-13), antisense orientation (page 28, lines 8-16), or 
combinations of sense and antisense orientations (page 30, lines 14-17). These descriptions 
clearly convey to one of skill in the art what size and type of fragments are useful in the 
invention. Based on the teaching of the specification alone, those of skill in the art could have 
readily identified all sequences within the scope of the claims. Moreover, as described above in 
the enablement discussion, as of the filing date, those of skill in the art were able to use gene 
fragments to inhibit gene expression. Accordingly, amended claim 34 and claims dependent 
thereon, meet the written description requirement as interpreted by the Federal Circuit. 

As described above on the enablement discussion, the structural features recited in 
the present claims, including clam 47, as well as taught in the specification, confers sufficient 
information to those of skill in the art such that those of skill in the art would have understood 
that the inventors were in possession of the full scope of the claimed invention. For example, the 
specification teaches that DMT affects methylation whose structural basis is related to homology 
to an endonuclease. The specification further teaches that the protein comprises a leucine zipper 
and nuclear localization signal sequence. Therefore, sufficient structure/function information is 
provided to meet the written description requirement for the pending claims. 

In view of the above arguments, Applicants respectfully request withdrawal of the 
written description rejection. 
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VIII. Rejection under 35 U.S.C § 112, second paragraph 

Claims 34-46 were also rejected under 35 U.S.C. § 112, second paragraph as 
allegedly unclear. The language objected to by the Examiner has been canceled from the claims. 
Accordingly, withdrawal of the rejection is respectfully requested. 

IX. Obviousness-type double patenting 

Claims 34-46 were also rejected under the doctrine of obviousness-type double 
patenting over claims 10-38 of U.S. Patent No. 6,476,296. Applicants will gladly consider 
providing a terminal disclaimer to overcome this rejection when the Examiner has indicated that 
the claims are otherwise allowable. 



In view of the foregoing. Applicants beheve all claims now pending in this 



Application are in condition for allowance. The issuance of a formal Notice of Allowance at an 
early date is respectfully requested. 

If the Examiner believes a telephone conference would expedite prosecution of 
this apphcation, please telephone the undersigned at 415-576-0200. 
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Two Embarcadero Center, Eighth Floor 

San Francisco, Cahfomia 94111-3834 

Tel: 415-576-0200 
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Summary 

We isolated mutations in Arabidopsis to understand 
hov/the female gametophyte controls embryo and en- 
dosperm development. For the DEMETER {DME) gene, 
seed viability depends only on the maternal allele. DME 
encodes a large protein with DNA glycosylase and 
nuclear localization domains. DME is expressed pri- 
marily in the central cell of the female gametophyte, 
the progenitor of the endosperm. DME is required for 
maternal allele expression of the imprinted MEDEA 
(MEA) Polycomb gene in the central cell and endo- 
sperm. Ectopic DME expression in endosperm acti- 
vates expression of the normally silenced paternal 
MEA allele. In leaf, ectopic DME expression induces 
MEA and nicks the MEA promoter. Thus, a DNA glyco- 
sylase activates maternal expression of an imprinted 
gene in the central cell. 

Introduction 

In flowering plants, the female gametophyte is the pro- 
genitor of the embryo and endosperm. Much is under- 
stood about female gametophyte morphology, and 
genes necessary for female gametophyte development 
and function have been Identified (Drews et al., 1998). 
However, little is knovim about the molecular and genetic 
processes taking place in the female gametophyte that 
affect subsequent embryo and endosperm develop^ 
ment. 

The female gametophyte is formed within the ovule. 
In Arabidopsis, a haploid spore undergoes three mitotic 
divisions to form an 8-nucleus, 7-cell ifemale gameto- 
phyte containing the egg, central, synergid, and antipo- 
dal cells. Before fertilization, a diploid nucleus is formed 
in the central cell by the fusion of two haplold nuclei. 
The endosperm Is derived from fertilization of the central 
cell by a sperm cell; fertilization of the adjacent egg cell 
by a second sperm cell gives rise to the embryo (Brown 
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et al., 1 999). Thus, double fertilization generates a seed 
with a triploid endosperm and diploid embryo. The em- 
bryo generates organs (axis and cotyledon), tissues 
(protoderm, procambium, and ground meristem), and 
meristems (shoot and root). The fertilized central cell 
replicates to form a syncytium, and following cellulariza- 
tion, produces storage proteins, lipids, and starch, and 
mediates the transfer of nutrients from maternal tissues 
to be absorbed by the embryo (Brown et al., 1999). 

To gain insights into the maternal control of embryo 
and endosperm development, mutations in a small num- 
ber of genes have been Identified where seed viability 
depends upon the genotype of the maternal allele. For 
example, these studies have shown that the female ga- 
metophyte provides the embryo with an MCM-related 
protein, PROLIFERA (PRL), necessary for cytokinesis 
(Springer and Holding, 2002). Also, wild-type maternal 
alleles encoding Polycomb group proteins are neces- 
sary for proper female gametophyte and seed develop- 
ment. MEDEA {MEA), FERTtUZATiON INDEPENDENT 
ENDOSPERM {FIE), and FERTILIZATION INDEPEN- 
DENT SEED2 {FIS2) encode SET-domain, WD domain, 
and zinc finger Polycomb group proteins (Grossniklaus 
et al., 1998; Kiyosue et al., 1999; Luo et al., 1999; Chad 
et al., 1999; BIrve et a!., 2001). Polycomb group proteins 
repress gene transcription by forming complexes that 
remodel chromatin structure at specific regions within 
the genome (Francis and Kingston, 2001). One function 
of MEA, FIE, and F/S2 is to prevent the onset of central 
cell proliferation and endosperm development prior to 
fertilization and to repress endosperm growth and devel- 
opment after fertilization (Kiyosue et al., 1999; Vlriken- 
oog et al., 2000). Thus, to date, no genes have been 
discovered that function primarily as prefertillzation in 
the female gametophyte to control processes essential 
for subsequent embryo and endosperm development 
after fertilization. 

Because only the maternal allele is required for seed 
viability, loss-of-f unction mea, fie, fis2, and pri mutations 
cause parent-of-origin effects on seed viability. For ex- 
ample, inheritance of a mutant maternal mea allele re- 
sults in seed abortion, even when the paternal MEA 
allele is wild-type. By contrast. Inheritance of a mutant 
paternal mea allele has no detectable effect on seed 
viability. The parent-of-origin effects of mea mutations 
are due, at least in part, to its being an imprinted gene 
in the endosperm (Kinoshita et cil., 1999; Vielle-Calzada 
et al., 1999; Luo et al., 2000). Only the matemal MEA 
allele is expressed throughout endosperm development 
while the paternal allele is silenced (Kinoshita et al., 
1 999). In this regard, MEA is distinct, as the FIE and PRL 
genes are not imprinted throughout seed development 
(Yadegari et al., 2000; Springer and Holding, 2002). It is 
unknown how MEA imprinted gene expression is regu- 
lated in the endosperm. 

We isolated mutations, named demeter (dme), caus- 
ing parent-of-origin effects on seed viability to under- 
stand how the female gametophyte controls embryo and 
endosperm development We found that seed viability 
depended solely on the matemal DME allele. DME en- 
codes a 1729 amino acid polypeptide that contains a 
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Figure 1. Effect of the dme-1 Mutation on Embryo and Endosperm 
Development 

(A) Wild-type sllique harvested 9 days after pollination. 

(B) Heterozygous DME/dme-1 sllique harvested 9 days after polli- 
nation. 

(C) Homozygous dme-1 silique harvested 9 days after pollination. 

(D) Viable seed obtained from sitique in (B). 

(E) Aborted seed obtained from silique in (B). 

Bars, 0.5 mm (A-C) and 0,1 mm (D and E). a, aborted seed; aem, 
aborted embryo; em, embryo; en, endosperm; v» viable seed. 



DNA glycosylase domain and a highly basic region with 
a nuclear localization signal. DME, primarily expressed 
in the central cell, is required for maternal allele expression 
of MEA in the centra! ceB and the endosperm. When DME 
was ectopically expressed in the endosperm, the expres- 
sion of the normally silenced paternal MEA allele was 
detected. Ectopic DME expression in the leaf activated 
MEA expression and generated nicks in the MEA pro- 
moter DNA- These results suggest DME is a DNA glyco- 
sylase that controls matemal expression of an imprinted 
maternal gene in the central cell, a process that is essen- 
tial for subsequent embryo and endosperm viability. 

Results 

Only the Matemal DME Allele Is Necessary 
for Seed Viability 

Whereas seeds from wild-type plants rarely abort (Fig- 
ure 1A), self-pollinated heterozygous DME/dme-1 si- 
liques {Figure IB) have approximately equal numbers 
of viable and nonviable seeds (552:569, 1 :1 , = 0.26, 
P > 0.7). Likewise, DME/dme-1 plants pollinated with 
wild-type pollen-produced siliques with approximately 
equal numbers (148:147. 1:1, = 0,003, P > 0.95) of 
viable seeds with normal embryos (Figure 1 D) and nonvi- 
able seeds with enlarged endosperm and aborted em- 
bryos (Figure IE). All Fi viable seeds from this cross 
were homozygous wild-type DME, Thus, inheritance of 



Figure 2. Developmental Abnomnalities in Homozygous dme-1 Mu- 
tant Plants 

Light micrographs of homozygous dme-1 and wild-type flowers and 
floral organs are shown. The percentage of wild-type (n = 1 05) and 
dme-1 (n = 138) flowers with reduced number of petals and sepals 
was 0% and 3%; increased number of petals and sepals was 2% 
and 14%; stamens with fused filaments or petal-like anthers was 
0% and 9%. 

(A) Wild-type flower. 

(B) dme-1 flower with 2 sepals and 2 petals. 

(C) dme-7 flower with 7 sepals and 7 petals. 

(D) Wild-type stamen. 

(E) Stamens from dme-1 flower. Arrows point to anthers on a fused 
filament. 

(F) Petal-like stamens from dme-7 flowers, a, anther-tike region; p. 
petal-like region. 

(G) Wild-type gynoecium. 

(H) dme-1 flower with 2 gynoecia. 

(I) dme-1 flower with unfused carpels. Arrow points to large stigma 
associated with unfused carpels. 

Bars in (A-C), (H-l) represent 0.5 mm. Bars in (D-G) represent 0.1 
mm. 



a dme-l mutant allele by the female gametophyte re- 
sulted in embryo and endosperm abortion even when a 
wild-type patemal DME allele was inherited. When the 
reciprocal cross was performed, siliques had no aborted 
Fi seed and F, plants displayed a 1:1 segregation of the 
wild-type and DME/dme-1 genotype (173:142. ^ = 3:1 
P > 0.1). Thus, seed viability depends only upon the 
presence of a wild-type matemal DME allele, and the 
patemal allele is expendable. 

DME Prevents Sporadic Developmental 
Abnormalities 

As described below, dme-l is a weak allele, allowing 
for rare mutant matemal allele transmission and the for- 
mation of homozygous dme-1 plants. Homozygous 
dme-1 plants generated normal rosette leaves, an inflo- 
rescence, and produced siliques containing neariy all 
(98%) aborted seeds (Figure 1C). However, we occa- 
sionally observed developmental abnormalities in mu- 
tant plants. For example, the Arahidopsis flower (Figure 
2A) is normally composed of four sepals, four petals, 
six pollen-bearing stamens (Figure 2D), and two ovule- 
bearing carpels that fomi the gynoecium (Figure 2G). 
By contrast, homozygous dme-l plants sporadically 
formed individual flowers with reduced (Figure 2B) or 
increased (Figure 2C) petal and sepal number. We ob- 
served flowers with fused stamen filaments (Figure 2E). 
petal-like anthers (Figure 2F), two gynoecia (Figure 2H), 
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Figure 3. DME Gene and Protein Structure 

(A) The DME gene. Transcription begins at 1 
and ends at 9083. cfrne- 1 T-DNA is associated 
with a 177 base pair deletion, dme-2 T-DNA 
is associated with a 48 base pair deletion. 
dme-3 T-DNA is associated with 12 base 
pairs of unl^nown origin. Black box, translated 
exon; white box, untranslated axon; line, 
intron. 

(B) Conservation of DNAglycosylase domain, 
cysteine cluster, and lysine-rich region in Ara- 
bidopsis DME gene family and rice {Oryza sat- 
ivBf Os). GenBank Accession numbers for 
DME, DMLU DML2, DML3, and OsDME are 
At5g04560, At2g36490, At3g10010, 
At4g34060, and BABI 6489.1 . EST for OsDME 
is AU056357. Compared to DME, percent 
amino acid sequence identity was 62% over 
569 DML1 residues, 55% over 554 DML2 resi- 
dues, 45% over 51 9 DML3 residues, and 47% 
over 1114 OsDME residues. Predicted poly- 
peptide size is shown on the right. 

(C) Comparison of the DME helix-hairpin-he- 
lix domain to DNA glycosylases. MutY, E co// 
mbnofunctional adenine glycosylase; hOGG, 
human 8-oxoguanine bifunctional DNA gly- 
cosylase; and Endlll, E. cofi bifunctional en- 
donuclease III. Conserved aspartic acid is in- 
dicated with an asterisk. Lysine and hrstidine 

residues conserved in bifunctional glycosylases are indicated with triangles. Position of helices and hairpin detemnined with the Jpred (http^/ 
juraebi.ac.uk:8888/) program. 

p) Comparison of DME to DNA glycosylases with a (4Fe-4S)^ ' cluster. Conserved cysteines are in red boxes. 
(E) Comparison of DME to Xenopus laevis histone HI (GenBank Accession number P22844). 




and improperly fused carpels (Figure 21). Sporadic ab- 
normaJities in leaf and stem morphology were also de- 
tected (data not shown). Thus, in Arabidopsis, the DME 
gene is required for stable, reproducible patterns of flo- 
ral and vegetative development Preliminary efforts to 
transmit these developmental abnonricilities to subse- 
quent generations have not been successful, suggesting 
that the lesions responsible for the defects are not sta- 
ble, or that they did not occur in cells that give rise to 
gametes in Arabidopsis (Irish and Sussex, 1 992). 

Cloning the DME Gene 

Three mutant T-DNA alleles dme-1, dme-2, and dme-S 
were obtained (Figure 3A), Each T-DNA cosegregated 
with the seed abortion phenotype (data not shown). To 
isolate the DME gene, plant DNA flanking the dme-2 
T-DNA was isolated and used to clone the wild-type 
DME gene and cDNA. We rescued the dme seed abor- 
tion phenotype by introducing a transgene composed 
of 3.4 kb of 5'-flanking DME genomic sequence ligated 
to a full-length DME cDNA (see Experimental Proce- 
dures). The dme-2 and dme-3 alleles are probably null 
alleles as their respective T-DNAs inserted into the mid- 
dle portion of the DME gene. The weak dme-1 allele 
was created by insertion of the T-DNA at the boundary 
of the 5'-untranslated region. Low-level transcription 
from within the dme-1 T-DNA was detected (data not 
shown) that would produce a slightly truncated (46 
amino acids) DME polypeptide. 

DME Encodes a DNA Glycosylase Domain Protein 
The DME cDNA encodes a 1 ,729 amino acid protein. A 
conserved domain search of NCBI databases revealed 



a 20^ amino acid domain (Figure 3B; amino acids 11 67- 
1368) related to the helix-hairpin-helix superfamily of 
base excision DNA repair proteins (Pfam score of 3e■^^ 
http://www.sanger.ac.uk/Software/Pfam/). The hall- 
mark of the base excision DNA glycosylase superfamily 
is a helix-hairpin-helix structural element followed by a 
glycine/proline-rich loop and a conserved aspartic acid 
(Krokan et al., 1997; Bruner et al., 2000; Scharer and 
Jiricny, 2001) all of which are present In DME (Figure 
3C). Very highly conserved glycines {G1282 and G1284) 
are present within the conserved DME hairpin. A con- 
served aspartic acid (position 1304) present in all DNA 
glycosylases is distal to the helix-hairpin-helix domain 
and serves as the electron donor in the base excision 
reaction. There are two classes of DNA glycosylases. 
Bifunctional glycosylases couple base excision (DNA 
glycosylase activity) with 3'-phosphodiester bond 
breakage (DNA nicking activity). Monofunctional en- 
zymes have DNA glycosylase activity and an AP (apuri- 
nic or apyrimidinic) endonuclease is responsible for 
nicking the DNA (Bruner et al.. 2000; Jiricny, 2002). DME 
is predicted to be a member of the monofunctional class 
of DNA glycosylases (e.g., MutY and AlkA) where the 
conserved aspartic acid deprotonates a water molecule, 
which then displaces the damaged or mismatched base 
by nucleophilic attack at the anomeric center. Like all 
monofunctional DNA glycosylases, DME lacks a histi- 
dine (position 1 306) essential for bifunctional DNA glyco- 
sylases (Endolll and hOGG1) and like monofunctional 
MutY has asparagine at this position (Figure 3C). DME 
also has four conserved cysteine residues (Figure 3D) 
adjacent to the DNA glycosylase domain (Figure 3B) 
that function to hold a {4Fe-4S)2^ cluster in place. This 
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cluster, found in many DNA glycosylases, is thought to 
play a role in DNA binding. Thus, DME encodes each 
of the amino acid residues essential for DNA glycosylase 
activity. 

DME also encodes an amino-terminal 1 29 amino acids 
that are highly basic and are related to the carboxy- 
temriinal domain of a Xenopus laevis HI linker histone 
(31% identity. Figure 3E) that binds linker DNA in chro- 
matin (Kasinsky et al., 2001). It is possible that this basic 
region of DME facilitates interactions with DNA or chro- 
matin. A bipartite nuclear localization signal is in the 
basic region (amino acids 43-78). 

Three additional DME-like {DML} genes in the Arabi- 
dopsis genome, DML1, DML2, and .DML3, encode a 
family of related high molecular weight DNA glycosylase 
domain proteins (Figure 3B). The structure and organiza- 
tion of the DNA glycosylase domain, the conserved cys- 
teine residues, and the nuclear localization signal are 
all conserved. Moreover, a highly related gene, OsDME 
(Figure 3B), is expressed in rice suggesting that DME 
structure and function has been conserved during flow- 
ering plant evolution. 

Pattern of DME RNA Accumulation 
and Promoter Activity 

Measurement of DME RNA levels by semiquantitative 
reverse trariscriptase-polymerase chain reaction (RT- 
PCR) procedures showed that the DME RNA is most 
abundant in immature flower buds (Figure 4A). As flow- 
ers mature, DME RNA decreases to a low, level (Figure 
4A). Analysis of dissected flowers revealed that D/WE 
RNA was abundant in the ovule-bearing carpels and not 
detectable in pollen-bearing stamens (Figure 4A). DME 
RNA was detected in developing (stage 12) and mature 
(stage 1 4) ovules (Rgure 4A). However, after fertilization, 
the level of DME RNA dramatically decreased in devel- 
oping seeds (Figure 4/^. These results show that high 
level DME expression is specifically associated with ma- 
ternal reproductive structures prior to fertilization. 

To visualize DME gene expression, we transformed 
Arabidopsis plants with two chimeric genes, each with 
2.3 kb of 5'-flanklng DME sequences, 1.9 kb of se- 
quences encoding 1 48 amino acids of DME spanning 
the putative nuclear localization signal, ligated to the 
^-gfucuronidase (DMEiGUS) reporter gene (Jefferson 
et al., 1 987) or to the GREEN FLUORESCENT PROTEIN 
(DME::GFP) reporter gene (Niwa et al., 1999). Multiple 
independently isolated lines displayed the same pattern 
of reporter gene expression. As shown in Figure 4B, 
GUS staining was detected in the two unfused polar 
nuclei in the central cell, which will fonn the diploid 
nucleus of the central cell, as well as in the synergid 
cells. The polar nuclei and the synergid cells derive from 
the third of the haploid mitoses that generate the female 
gametophyte and are thus closely related in time eind 
space. Later in the development of the mature unfertil- 
ized female gametophyte, when the polar nuclpl had 
fused to fonn the central cell nucleus, GUS staining was 
primarily detected in the central cell (Figure 4C). No GUS 
staining was detected in developing (data not shown) 
or in mature anthers and pollen grains (Figure 4D). Thus, 
DME promoter activity is associated with female ga- 
metophyte development, consistent with the expression 
of the endogenous DME gene (Rgure 4A). The 



DME::GFP reporter gene showed a similar pattern of 
expression (Rgure 4E). After fertilization, DME::GFP pro- 
moter activity rapidly decreased. GFP fluorescence was 
no longer detected prior to the first division of the pri- 
mary endosperm nucleus (Figure 4F). Nor was GFP fluo- 
rescence detected during subsequent endosperm or 
embryo development (Figures 4G and 4H). These results 
are consistent with RT-PCR analysis of endogenous 
DME gene expression in prefertilization ovules and de- 
veloping seed (Rgure 4A). These results show DME pro- 
moter activity is detectable before fertilization in the 
female gametophyte, primarily in cells leading to the 
fonnation of the central cell. Rnally, the GFP and GUS 
used in the construction of reporter transgenes lack any 
subcellular localization sequences (Niwa et al., 1999). 
Hence, localization of GUS activity and GFP fluores- 
cence to nuclei (Figures 48, 4C, and 4E) is due to DME- 
encoded nuclear localization sequences. 

DME Regulates MEA Expression 
Seed viability depends on wild-type maternal DME, 
MEA, FIE, and FIS2 alleles that are expressed in the 
female gametophyte. However, DME is distinct in two 
ways; only DME encodes a DNA glycosylase domain 
protein, and only DME is not expressed after fertilization 
in the embryo and endosperm. One possibility is that 
the DME DNA glycosylase gene controls seed develop- 
ment in a pathway that does not include the MEA, FIE, 
and F/S2 Polycomb group genes. Altematively, DME 
and the Polycomb group genes may be part of the same 
pathway. For example, DME may be necessary for ex- 
pression or activity of MEA, FIE, or F/S2. To understand 
the relationship between the DME DNA glycosylase 
gene and the MEA, FIE, and FIS2 Polycomb group 
genes, we measured their respective RNA levels in wild- 
type and mutant genetic backgrounds. MEA, FIE, and 
FIS2 RNAs accumulated in developing and mature wild- 
type flowers. MEA RNA was not detected in homozy- 
gous dme-l flowers, whereas FIE and FIS2 RNA accu- 
mulation was not significantly affected by the dme-1 
mutation (Rgure 5A), suggesting that DME is required 
for floral MEA expression. Moreover, homozygous mea 
plants accumulate normal levels of floral DME RNA (Fig- 
ure 58). demonstrating that MEA is not required for 
DME expression. Thus, DME is necessary for MEA gene 
expression prior to fertilization. 

To understand the spatial and temporal control of 
MEA gene expression by DME during ovule and seed 
development, we observed the effect of the dme-1 mu- 
tation on transcription of a MEA::GFP transgene. A sin- 
gle locus of the MEA::GFP transgene consisting of ap- 
proximately 4.2 kb of MEA 5'-flanking sequences ligated 
to the GFP reporter gene was introduced into wild-type 
DME/DME plants. Approximately one-half of prefertiliza- 
tion ovules from transgenic plants hemizygous for the 
MEA::GFP transgene displayed strong fluorescence in 
the central ceil nucleus and cytoplasm prior to fertiliza- 
tion (data not shown), consistent with Mendelian inheri- 
tance of the MEA::GFP transgene by one-half of the 
female gametophytes. In a plant hemizygous for the 
MEA::GFP transgene and heterozygous DME /dme-l, 
one-fourth of the prefertilization female gametophytes 
are predicted to inherit both the wild-type DME allele 
and the MEA':GFP transgene, whereas one-fourth will 
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. Figure 4. Regulation of DME RN A Accumula- 
tion and Promoter Activity 

(A) Expression of DME in wild-type flowers, 
floral organs, ovules, and seeds. Carpels and 
stamens were dissected from stage 12 flow- 
ers. Ovules were isolated from stage 1 2 and 
1 4 flowers. Seeds were isolated with embryos 
at the indicated stages. Upper lane designa- 
tions refer to tissues used for total RNA isola- 
tion. Floral stages are as described (Bowman, 
1994). Left-hand side designations refer to 
the gene specific primers used to amplify 
RNA by RT-PCR. (BHD) are light micro- 
graphs of ovules and stamens from trans- 
fomned plants honriozygous for a DME::GUS 
transgene. (E)-(H) are fluorescence micro- 
graphs of transformed plants homozygous 
for a DME::GFP transgene. GFP and chloro- 
phyll florescence was converted to green and 
red, respectively, ccn, central cell nucleus; 
en, endosperm; em, embryo; p, pollen; pn, 
polar nucleus; sn, synergid cell nucleus. 

(B) Unfertilized ovule prior to fusion of polar 
nuclei. Bar represents 0.01 mm. 

(C) Mature unfertilized ovule after fusion of 
polar nuclei. Bar represents 0.01 mm. 

(D) Mature stamen showing anther and pol- 
len. Bar represents 0.005 mm. 

(E) Mature unfertilized ovule after fusion of 
polar nuclei. Bar represents 0.01 mm. 

(F) Seed 8 hr after pollination with wrild-type 
pollen. Bar represents 0.01 mm. 

(G) Seed 90 hr after pollination with wild-type 
pollen. Bar represents 0.3 mm. 

(H) Seed at the walking stick stage of embryo 
development. Bar represents 0,6 mm. 



inherit the mutant dme-1 allele along with the MEAiiGFP 
transgene. We found that approximately one-fourth of 
the prefertilization ovules displayed GFP fluorescence 
in their central cells (153:396, fluorescent:dark, 1:3, = 
2.4 P > 0.15), suggesting that female gametophytes 
inheriting the dme-7 mutant allele did not express the 
MEA"GFP transgene (Figure 5Cj. Similar results were 
obtained in an independently isolated transgenic line 
where the same MEA 5'-flanking sequences were li- 
gated to a GUS reporter (81 :279. blue central celhcolor- 
less central cell, 1:3, = 1-2 P > 0.37). Thus, a wild- 
type DME allele is necessary for transcription of the 
MEA::GFP and MEA::GUS transgenes in the central cell 
of the female gametophyte prior to fertilization. 

Nomnally, the maternal MEA allele is expressed after 
fertilization in the endosperm (Kinoshlta et al., 1999) 
at a time when DME is not expressed (Figure 4). We 
detemnined the effect of the matemal mutant dme-1 
allele on postfertilization expression of the matemal 
MEA::GFP transgene to see if expression of DME in the 
central cell of the female gametophyte prior to fertiliza- 
tion was necessary for postfertilization matemal 
MEA':GFP allele transcription during endospemn devel- 



opment. Flowers hemizygous for the MEA::GFP trans- 
gene and heterozygous DME/dme-1 were pollinated 
with wild-type nontransgenic pollen. We observed ap- 
proximately one-fourth seeds with GFP fluorescence 
(123:332, fluorescent:dark, 1:3, = 0.95, P > 0.4) in 
endospemn cells at 24 hr (Figure 5D) and 90 hr (Figures 
5E and 5F) after pollination. This result suggests that 
female gametophytes that inherited the dme-7 mutant 
allele did not express the MEAiiGFP transgene in the 
endospemn after fertilization. Thus, the maternal wild- 
type DME allele, expressed prior to fertilization in the 
female gametophyte, is necessary for transcription of 
the matemal M£A::GFP transgene after fertilization dur- 
ing endosperm development. These results are consis- 
tent with the model that DME controls matemal MEA 
allele expression In the endospemn, and that the parent- 
of-origin effects of dme mutations on seed viability are 
due, at least in part, to a failure to express the maternal 
MEA allele during female gametophyte and early seed 
development. 

To determine if DME is sufficient ioxMEA gene expres- 
sion, we generated CaMVr.DME transgenic plants where 
transcription of DME is under the control of the cauli- 
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endosperm 

Figure 6. Ectopic DME Expression Activates MEA Gene Tran- 
scription 

CaMV::DME-1, CaMV::DME-2, and CaMV::DME-3 represent three 
independently Isolated transgenic lines. WT, wild-type; leaf, cauline 
leaf. 

(A) DME Is sufficient for MEA expression in the leaf. 

(B) A CaMV::DME transgene activates patennal MEA allele gene 
expression in the endosperm. Endosperm and embryos were dis- 
sected from F1 seeds obtained 7 days after wild-type (Columbia gf 
ecotype) plants or CaMV::DME (Columbia gl ecotype) were polli- 
nated with RLD ecotype pollen. Control biallelic expression of the 
VACUOLAR PROCESSING ENZYME (VPE) gene is shown. For the 
actin control, no attempt was made to distinguish between maternal 
and paternal alleles. 




Figure 5. DME Controls MEA RNA Accumulation and Pronroter Ac- 
tivity 

For (A) and (B), RNA was isolated from developing flora! buds (stage 
1-12) and open flowers (stage 13). Rorai stages are as descrit>ed 
(Bowman, 1994). Left-hand side designations refer to the gene spe- 
cific primers used to amplify RNA by RT-PCR. Lower lane designa- 
tions specify the genotype; WT. wild-type; dnne, homozygous third 
generation dme-1; mea, homozygous mea-3. 

(A) MEA RNA does not accumulate in dme-l flower buds, 

(B) DME RNA accumulation is the same in wild-type and mea-3 
flower buds. For (C)-(F), fluorescence micrographs were taken from 
DME I dme-1 plants hemlzygous for a MEA::GFP transgene. GFP 
and chlorophyll fluorescence was converted to green and red, re- 
spectively. 

(C) Unfertilized ovules from stage 1 2 flowers. Arrows point to central 
cell nuclei. Bar represents 0.04 mm. 



flower mosaic virus (CaMV) promoter (Rogers et al., 
1987). Whereas DME and MEA gene expression were 
not detectable in wild-type leaf, both DME and MEA 
RNAs were present in leaves from independently iso- 
lated CaMV::DME transgenic lines (Rgure 6A). Thus, 
DME is sufficient to activate MEA gene expression in 
the leaf. 

The mechanism for paternal MEA allele silencing in the 
endosperm is not known. It is possible that restriction of 
DME expression to the female gametophyte prevents 
activation of patemal MEA allele transcription in the 
endosperm. To test this hypothesis, we used wild-type 
pollen (RLD ecotype) to pollinate control wild-type (Co- 
lumbia gl ecotype) plants and CaMV::DME transgenic 
(Columbia gl ecotype) plants (Rgure 6B). We isolated 
and dissected F1 seeds, isolated RNA from the endo- 
sperm (plus maternal seed coat), and measured the level 
of matemal and patemal MEA RNA using ecotype-spe- 



(D) Seeds 24 hr after pollination with wild-type pollen. Arrows point 
to endosperm nuclear-cytoplasmic domains. Bar represents 0.08 
mnv 

(E and F) Seeds 90 hr after pollination with wild-type pollen. Bar 
represents 0.2 mm. 
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cific restriction polymorphisms (Kinoshita et al., 1999). 
Whereas only the maternal MEA allele was detected in 
control wild-type endosperm, both matemal and pater- 
nal MEA expression was detected in the CaMV::DME 
endosperm (Figure 6B). The paternal MEA allele in 
Ca/W\/;:DME endospenn was expressed at a lower level' 
compared to the paternal allele of a control nonim- 
printed gene (Figure 6B). The lower expression may re- 
flect inefficient endosperm expression of the 
CaMV/::D/WE transgene. Or. additional mechanisms may 
control MEA expression in the endosperm. However, 
these results are consistent with the hypothesis that the 
restricted pattem of DME gene expression is responsi- 
ble, at least in part, for the silencing of the paternal MEA 
allele in wild-type endosperm. 

DME Expression Results in Nicks 
in the MEA Promoter 

The amino acid sequence of DME (Rgure 3C) suggests 
it is a monofunctional DNA glycosylase that generates 
an abasic site by carrying out a base excision reaction. 
The next step in DNA repair is single-stranded DNA 
cleavage (nicking) 5' to the abasic site by an AP endonu- 
clease (Bruner et al.. 2000; Jiricny, 2002). If DME acts 
directly on MEA::GFP io regulate its expression (Figure . 
5), the abasic residues should generate sites for AP 
endonuclease nicking in the 4.2 kb MEA promoter re- 
gion. To test this hypothesis, we devised a sensitive 
PCR-based procedure to localize nicks produced in 
vivo. As shown in Figure 7A, to identify nicks on the 
sense-strand of the MEA promoter, a MEA-specific 
primer (MEA sense-RI) was used to initiate first-strand 
DNA synthesis. Nicks would cause temination of syn- 
thesis at specific sites; if there were no nicks, termina- 
tion would occur randomly. DNA from the first-strand 
synthesis reaction was then purified and tailed with ter- 
minal deoxynucleotidyl transferase and dCTP. A linker 
with G residues at its 3' end (linkerGGG) and a second 
nested M£A-specific primer (MEA sense-R2) were used 
to amplify DNAs by PGR. DNA products from the first 
PGR amplification were diluted 100-fold into multiple 
aliquots, and the linker and a third nested MEA-specific 
primer (MEA sense-R3) were used for a second PGR 
amplification. PGR products were then analyzed by aga- 
rose gel electrophoresis. 

It is not possible to isolate DNA and determine the 
pattem of nicks in the MEA promoter in wild-type and 
dme mutant central cells because they are embedded 
within the female gametophyte and ovule. Because ec- 
topic expression of a CaMV::DME transgene induces 
MEA expression in leaves (Rgure 6A), we compared 
the pattem of nicks in the MEA promoter isolated from 
readily accessible wild-type and CaMV::DME leaves to 
test the hypothesis that DME directly regulates MEA, 
Specific DNA bands were detected when template DNAs 
were isolated from CaMV::bME leaves (Figure 7B). Rep- 
etition of PGR reactions produced different size DNA 
bands and DNA sequence analysis verified that these 
DNA bands were derived from the MEA promoter. The 
fact that different size bands were synthesized in multi- 
ple PGR reactions indicates there is a stochastic ele- 
ment to PGR sampling of the CaMV::DME-induced 
nicks, suggesting the molecules with nicks at different 
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Figure 7. Ectopic DME Expression Generates Nicks in the MEA Pro- 
moter 

(A) PCR-based strategy for detecting nicks in the sense-strand of 
the MEA promoter. 

(B) PCR products from the sense-strand of the MEA promoter. PCR 
products obtained with DNA ten^lates isolated from leaves from 
wild-type (WT) and CaMV::DME-1, CalWV::DME.2. CaMV::DME-4, 
and CaMV::DME-5 independent transgenic lines. Amplifications of 
muttiple aliquots from the first PCR amplification of wild-type and 
CaMV::DME templates are shown as described in the text 

(C) Comparison of PCR products from the sense-strand of the MEA, 
FIE, AG, and API 5'-fIariking regions using wild-type and 
CaMV-DME'S DNA templates. 

sites in the MEA promoter were present in very low 
concentration (Cavrois et al., 1 995; Taberlet et ai., 1 996). 
By contrast, no discrete DNA bands were detected when 
wild-type template DNA was isolated from leaves which 
do not express MEA (Figure 7B). The diverse range of 
high molecular weight PCR products suggested that 
during the first-strand synthesis reaction the DNA poly- 
merase terminated randomly. The same result was ob- 
tained when the entire procedure (I.e., first-strand syn- 
thesis, two PCR amplifications) was repeated three 
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times with wild-type DNA template with multiple aliquots 
used for the second PGR amplification (data not shown). 
In control PGR reactions using MEA sense-R3 and a 
primer located in the MEA promoter, PGR products were 
obtained with equal efficiency with wild-type and 
CaMV::DME'1 DNA templates {data not shown). Finally, 
specific PGR products were not detected from the 
sense-strand of wild-type or CaMV"DME template DNA 
within the 5'-flanking regions of the control FIE gene 
and the floral homeotic (Meyerowitz and Glark, 1994) 
AGAMOUS (AG) or APETALA1 (AP7) genes (Figure 7C). 
Thus, nicking, a property of base excision DNA repair, 
was detected in the sense-strand of CaMV::DME lines 
and not in the wild-type sense-strand within 14 kb of 
the start of MEA transcription. 

Discussion 

We isolated mutations in the Arabidopsis DME gene 
to understand how the female gametophyte influences 
embryo and endosperm development. We demon- 
strated that seed viability depends solely on the mater- 
nal allele and found that DME is a large protein with 
DNA glycosylase and nuclear localization domains. 
Transcribed primarily in the central cell, DME is neces- 
sary for activation of imprinted MEA expression in the 
central ceil and the endosperm. Ectopic expression of 
DME results in expression of the normally silenced pa- 
ternal MEA allele. When DME was expressed in the leaf, 
we observed MEA expression and in vivo nicking of the 
MEA promoter. We conclude from these results that 
DME is a DNA glycosylase that mediates imprinting in 
the central cell and that this process is required for seed 
viability: 

A Model for the Control of MEA Gene Imprinting 
in the Endosperm 

Our analysis of DME suggests a mechanism for the 
regulation of imprinted (matemally expressed, pater- 
nally silenced) genes in the endosperm. The reason that 
the matemal MEA allele, and not the paternal MEA allele, 
is expressed in the endosperm is because only the ma- 
temal MEA allele is accessible to DME in the central 
cell of the female gametophyte before fertilization. This 
model is based in part upon the highly restricted pattern 
of DME expression. DME is primarily expressed in the 
central cell of the female gametophyte, and its transcrip- 
tion is turned off soon after fertilization (Figure 4). DME 
RNA and promoter activity was not detected in the male 
gametophyte producing stamens (Figure 4). Thus, only 
the matemal MEA allele and not the patemal MEA allele, 
is exposed to DME activity. The model is also based on 
experiments showing DME regulates MEA gene expres- 
sion. MEA RNA and promoter activity was not detected 
in dme mutants (Rgure 5), whereas ectopic DME expres- 
sion in the leaf and endosperm activated MEA and pater- 
nal MEA allele expression, respectively (Figure 6). R- 
nally, we found that ectopic expression of DME in leaf 
caused single-stranded breaks in the MEA promoter 
within 2 kb of the start of MEA gene transcription (Figure 
7). We propose that DME might mark the matemal MEA 
allele in the female gametophyte, allowing sustained 
matemal MEA allele expression to occur in the endo- 



sperm after fertilization. The patemal allele is not mari<ed 
and therefore not expressed during endospenn devel- 
opment. 

A Role for DNA Glycosylases in Gontrolling Gene 
Imprinting and Seed Viability 

DNA glycosylases represent a diverse array of small 
(200-300 amino acids), monomeric. structurally related 
DNA repair proteins that are very highly conserved in 
evolution (Krokan et al., 1 997; Scharer and Jiricny , 2001 ). 
These proteins excise mismatched or altered bases 
(e.g., oxidized, deaminated. alkylated, and methylated) 
by cleaving the N-glycosidic bond between the base 
and the sugar-phosphate backbone of the DNA. DNA 
glycosylases represented by DME, E. coii MutY, endo- 
nuclease III, human 8-oxoguanine DNA glycosylase, and 
MBD4 have a conserved helix-hairpin-helix domain. Ex- 
cision by monofunctional DNA glycosylases results in 
an abasic site that is mutagenic and must be removed. 
Single-strand cleavage 5' to the abasic site by an AP 
endonuclease generates a 3 '-hydroxy I used by a spe- 
cialized DNA repair polymerase that inserts a single nu- 
cleotide and removes the abasic sugar-phosphate (Jiri- 
cny, 2002). A DNA ligase seals the nick to complete 
the repair process. It has been proposed that highly 
mutagenic oxidized, deaminated, or alkylated bases are 
associated with pathophysiologic processes such as 
cancer and aging in mammals. However, mice with mu- 
tations in DNA glycosylase genes do not display overt 
developmental abnormalities (Scharer and Jiricny, 
2001). Thus, the role of DNA glycosylases in the control 
of development or tumor suppression is unknown. 

The Arabidopsis genome encodes multiple small he- 
lix-hairpin-helix DNA glycosylases, some of which have 
been shown to function in DNA repair (Garcia-Ortiz et 
al., 2001). However, the DME protein is unique from 
other DNA glycosylases in several regards. First, the 
DME-predicted polypeptide is much larger than typical 
DNA glycosylases that function in DNA repair (Figure 3). 
Moreover, it has a highly basic region related to histone 
HI (Figure 3). This basic region might enhance the ability 
of DME to interact with DNA or with other chromatin 
proteins. These unique molecular properties, coupled 
with the phenotypes of mutant dme plants (Rgures 1 
and 2), and its role in regulating MEA gene expression 
(Figure 5), suggest that any base excision activity of 
DME is probably not involved solely with DNA repair. 

How might DME work to regulate the expression of 
MEA? One possibility is that DME modifies chromatin 
stmcture by excising 5-methylcytosine. Genomic im- 
printing in mammals reflects modifications in DNA meth- 
ylation (Reik and Walter, 2001) and the sporadic devel- 
opmental abnormalities observed in dme homozygous 
mutant plants {Figure 2) are reminiscent of genome 
methylation defective mutants m Arabidopsis (Kakutani 
et al., 1996). Other related DNA glycosylases have been 
shown to excise 5-methylcytosine from the genome 
(Jost et al., 2001). However, using bisulfite sequencing 
methods we have been unable to detect 5-methylcyto- 
sine residues in a 2 kb region sufficient for regulation 
of MEA gene expression by DME in seed or leaf from 
wild-type or mutant dme genetic backgrounds (see Ex- 
perimental Procedures for details). 
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DME is predicted to be a monofunctional DNA glyco- 
sylase (Figure 3). Following base excision, the DNA is 
nicked 5' to the abasic site by an AP endonuclease. 
Consistent with this prediction, we observed nicks on 
the sense-strand of the MEA promoter in multiple inde- 
pendently isolated CaMV::DME transgenic lines (Figure 
7). The nicked DNA molecules may be very rare because 
only a fraction of the population of MEA genes in 
CaMV::DME leaves may be transcribed at any given 
time. Also, it is possible that the DME-induced nicks are 
quickly repaired, thereby lowering their concentration. 
These results strongly support the hypothesis that DME 
carries out a base excision reaction with subsequent 
nicking in the MEA promoter by an AP endonuclease, 
although it is formally possible that the nicking we ob- 
served is an indirect effect of the activation of MEA gene 
transcription. 

The AP endonuciease-mediated DNA nicking activity 
that follows DME base excision might catalyze nucleo- 
some sliding, as has been demonstrated for nicks in 
linker DNA in vitro (Langst and Becker. 2001). The H1 
linker histone-related region that is located at the amino 
terminus of DME might facilitate this process. Nucleo- 
some sliding may allow transcription factors to activate 
MEA gene transcription by RNA polymerase. Once the 
nucleosome structure has been altered on the matemal 
MEA allele, it may be perpetuated after fertilization, 
allowing for continued matemal MEA allele transcription 
(Figure 5) in the absence of DME expression (Figure 4) 
in the endosperm. 

It is unknown how DME is directed to sites in the MEA 
promoter. One possibility is that DME acts at modified 
base pairs. Alternatively, it has been shown that a mam- 
malian thymine DNA glycosylase acts in a protein com- 
plex to remodel chromatin (Tini et al., 2002). Thus, DME 
might function in a protein complex that could provide 
promoter specificity for base excision/DNA nicking of 
the matemal genome. Finally, it is important to consider 
that nicks at specific sites in DNA might constitute an 
essential feature in the control of chromatin structure 
and gene expression. 

Experimental Procedures 
Plant Materials and Microscopy 

Methods for growing plants, fixing tissues, photography, GUS activ- 
ity localization, and GFP fluorescence microscopy are as previously 
described (Yadegari et al., 2000). 

Mutagenesis 

dme-1 and dme-2 alleles were obtained by screening 5000 T1 plants 
(Columbia gl) mutagenized with activation T-DNA vector, pSKI015 
for siliques with 50% seed abortion. The dme-3 allele (Wassilewskija) 
was from the Arabidopsis Knockout Facility where mutagenesis 
was with a nonactivation T-DNA vector, pD991. Mutant lines were 
crossed to wild-type (Landsberg er) six times to remove additional 
mutations. 

Molecular Cloning of DME 

DNA from DME/dme'2 plants was used to isolate DME sequences 
flanking the left and right border T-DNA regions. DME genomic 
clones were obtained from a wild -type (Columbia g/) genomic library. 
A cDNA library of floral mRNAs was used to obtain a cDNA clone 
with a 3' -poly A tail plus 2.7 kb of DME sequences (416^-6871). 
Using reagents and 5'- and 3' -RACE procedures from Clonetech 
and Gibco Bethesda Research, overiapping cDNA clones (1-2921 



and 2279-4973) extending through the DME 5 '-untranslated region 
were obtained. Using restriction enzyme sites, clones were ligated 
into a full-length DME cDNA (1-6871). To complement the dme 
mutation, DMH 5' -flanking sequences (3424 base pairs) were ligated 
to the full-length DME cDNA and inserted into pBI-GFP(S65T). A 
single locus transgenic T, plant was crossed with DME/ dme-1 pollen 
generating Ft progeny hemizygous for the transgene and DME/ 
dme-1. In self-pollinated F, plants, a 3:1 ratio of viable to aborted 
Fj seeds (329:121, 3:1, *^ = 0.86, P > 0,43) was observed. 

Analysis of RNA Accumulation 

Total RNA was isolated and reverse transcriptase reactions and 
PCR reactions were carried out (Yadegari et al., 2000). Primers for 
amplifying DME were cDNA-S (CAGAAGTGTGGAGGGAAAGCGTCT 
GGC) and SKEN-5 (GCAATGCGTTTGCTTTCTTCCAGTCATCT), for 
FIE were cer1ns8517n (CTGTAATCAGGCAAACAGCC) and cerei91n 
CTCAAGGTCTCAGGGAGTAGC), and for F/S2 were F2-f5/6 (TCAAG 
GTCTCAGGGAGTAG) and F2-r7/8 (CTCTCTAGCCTrGTACCGCTT 
TGCATATAACTG). Primers for MEA in Figure 5A and Figure 6A were 
as described (Kiyosue et al., 1999). For measuring matemal and 
paternal MEA RNA accumulation, RNA was prepared and RT-PCR 
reactions were canied out as described (KirKJshita et al., 1999). All 
primer pairs spanned intron sequences so that amplification of RNA 
could be distinguished from amplification of any contaminating DNA. 

Generation of Plants with Reporter Transgenes 
Using BamHI and EcoRI, the sGFP(S65T) (Niwa et al., 1999) coding 
sequence was excised from CaMV35S-sGFP(S65T)-nos3' and in- 
serted into pBhOI.I (Jefferson et al.. 1987), replacing p-glucuroni- 
dase-nos3' to create pBI-GFP(S657). A portion of the DME gene 
(2282 bp of 5' -flanking sequences plus 1 922 bp of the first exon) was 
inserted into Xbal/BamHI sites of T-DNA pBl-GFP(S65T), introduced 
into AgroJbacferium, and five transgenic lines (Columbia gl) obtained. 
For DME::GUS, the same sequences were inserted into pBIIOI.l 
upstream of p-glucuronldase-nopaltne synthase (Jefferson et al., 
1 987). For CaMV::DME, a full-length DME cDNA was Inserted down- 
stream of the CaMV promoter of vector pMDI. To construct 
MEA:GFP and MEA::GUS transgenes, clone 6-22 (Kiyosue et al., 
1 999) was used as template in a PCR reaction to amplify 4.2 kb of 
MEA 5' sequences with primers M£A4105Sal (5'TATTGTCGACCGT 
CCTGTCAAACCGGTCCCGT3') and M£A8323Xba (5'ATATTCTAGA 
CI 11 1 1 1 ICTCGTCTTCTCTGATGTTGGT3'). The PCR product was 
digested with Sail and Xbal and inserted into pBI-GFP(S65T) and 
pBI101.2 creating the MEA::GFP and MEA"GUS transgenes with 
4193 bp MEA 5'-flanking sequences and 26 bp 5 '-untranslated se- 
quences ligated to GFP and GUS reporter genes, respectively. 

Bisulfite Sequencing 

DNA was isolated from Landsberg er leaves, wild-type seeds, and 
honwzygousdme-t seeds. Seeds were harvested 2-^ days postpol- 
lination. DNAs were treated with bisulfite and PCR products from 
-2080 to +1 were purified, cloned, and 15-20 clones sequenced 
(Jacobsen et al., 2000). The 2 kb region represents the overiap of 
a 7 kb transgene with approximately 2 kb of 5'-flanking sequences 
that was imprinted like the endogenous MEA gene (data not shown), 
and the MEA':GFP transgene (Figure 5). 

Detection of DNA Nicks 

First-strand DNA synthesis was with 0.5 ug genomic DNA template, 
MEA sense-RI (5'-CTTCTCCATTAACCACTCGCCTCTT-3') and 400 
uM dNTPs using Ex Taq DNA polymerase from Takara at 95°C 5 
min, 52°C 5 min, ar>d 72°C 40 min. Single-stranded DNA was purified 
(Qiagen PCR Kit) and tailed with 200 uM dCTP and terminal deoxy- 
nucleotidyl transferase (TdT; Invitrogen). DNA was treated at 95'C 
for 3 min, chilled, 1 ul of TdT (10 units) added, and incubated at 
3TC for 10 min. TdT was inactivated at 65°C for 10 min. The first 
PCR amplification was with Invitrogen Abridged Anchor primer (5'- 
GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3') and MEA 
sense-R2 (5'-CTCGTCTTCTCTGATGTT-3'). After 95°C for 5 min, 35 
PCR cycles were canried out (94°C 30 s, 55*0 30 s, 72''C 4 win). PCR 
products were diluted 100-fold and amplified again with Invitrogen 
abridged universal amplification primer (5'-GGCCACGCGTCGAC 
TAGTAC) and MEA sense-R3 (5'-GGTGAAAAGGATAATGCAAAG 
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GGT-3'). FIE sense primers, R1 (TGGAGTCAAAGACCCAACTATT 
GACTCGT). R2 (TCTCTGTCTGTCTGACTCTCGCACAC), R3 (TOG 
ATTAGACACAGATTCACAGGT); AG sense primers, R1 (AGGTA 
AGGTTGTGCTGGTG). R2 (CATCCATATAGTGTCTTGTC), R3 (CTG 
GTGTTTCTrTTCAGTAC); and API sense primers, R1 (CCAAG 
AATCAGTGGAGTATTCG), R2 (GACCAGCTCTTCmTGG), R3 {GAA 
GAGCTCAGACnrTTGGT). For AG, the PCR annealing temperatures 
was 52^C. 
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Summary 

The shoot apical meristem of dicotyledonous plantSi is 
highly regulated both structurally and functionally, but 
little is known about the mechanisms involved in this 
regulation. Here we describe the genetic and phenotypic 
characterisation of recessive mutations at three loci of 
Arabidopsis thaliana in which meristem structure and 
function are disrupted. The loci are Clavatal (Clvl), 
Fasciatal (Fasl) and Fasciata2 (Fas2). Plants mutant at 
these loci are fasciated having broad, flat stems and dis- 
rupted phyllotaxy. In all cases, the fasciations are asso- 
ciated with shoot apical meristem enlargement and 



altered floral development. While all the mutants share 
some phenotypic features they can be divided into two 
classes. The pleiotropic/o^i and fasl mutants are unable 
to initiate wild-type organs, show major alterations in 
meristem structure and have reduced root growth. In 
contrast, clvl mutant plants show near wild-type organ 
phenotypes, more subtle changes in shoot apical meris- 
tem structure and wild-type root growth. 

Key words: fasciation, m^xisXtm, Arabidopsis, Clavatal, 
Fasciatal, Fasciata2. 



Introduction 

The shoot apical meristem of higher plants is laid down 
during embryogenesis and gives rise to all the aerial parts 
of the plant. The meristem is usually a dome of cells con- 
sisting of a peripheral zone (PZ) of rapidly dividing cells 
in which leaf initiation occurs, and a central zone (CZ), of 
more slowly dividing cells which replenish the PZ. Around 
the base of the peripheral zone, leaves are initiated in a 
specific pattern (phyllotaxy). In dicotyledonous plants, 
superimposed on this zonation, there are three generative 
layers of cells. The layers are maintained by the pattern of 
cell division in the meristem. The outer layer (LI) divides 
anticlinally to give rise to the plant epidermis; the middle 
layer (L2) divides anticlinally in the dome apex, and anti- 
clinally and periclinally in the dome base to give rise to the 
plant mesoderm; and the inner layer (L3) divides in vari- 
ous planes to give rise to the central tissues of the plant 
(Satina et al., 1940). Occasional periclinal divisions occur 
resulting in the insertion of cells derived from one layer 
into the neighbouring layer, where they adopt a fate appro- 
priate to their new layer. Despite this, the layers are largely 
ontogenetically separate yet they function in an integrated 
and coordinated manner to produce the plant body. While 
it is clear that there is a high degree of structural and func- 
tional organisation in the meristem, little is known about 
how this organisation is achieved or maintained. 

We are taking a genetic approach to study the control' of 



meristem structure and function using the model plant Ara - 
bidopsis thaliana. Arabidopsis provides an excellent model 
system for both genetic and molecular studies because of 
its rapid life cycle, small genome size and high fecundity, 
and because of the availability of extensive genetic maps 
of both visible (Koomneef et al., 1983) and restriction frag- 
ment length polymorphism markers (Chang et al., 1988, 
Nam et al., 1989). Arabidopsis has been increasingly used 
as a model system for the study of the genetics and mole- 
cular biology of higher plant development (Firikelstein et 
al. 1988). For example, a broad spectrum of mutants affect 
ing embryonic (Mayer et al., 1991) and floral (Meyerowitz 
et al., 1991) development have been isolated and charac- 
terised. 

In Arabidopsis, postembryonic growth starts with the 
initiation of a variable number of rosette leaves in a spiral 
phyllotaxy with unextended intemodes. The leaf number 
depends on genotype and growth conditions (Redei, 1969). 
At the end of the rosette stage, the bolting stem and a vari- 
able number of cauline leaves are initiated. Finally the 
meristem switches from producing leaf primordia to pro- 
ducing flower primordia. Organ initiation by the apical 
meristem is in the same spiral phyllotaxy in all three phases 
of growth, but individual plants show either clockwise or 
anticlockwise spirals (Smyth et al., 1990). 

Previous work has shown that the shoot apical meristem 
of Arabidopsis is typical of dicots. Miksche and Brown 
(1965) describe the meristem of 6-day-old Arabidopsis 
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plants (ecotype Estland) as a shallow dome, four cells deep 
and approximately 40 ^m in diameter. During vegetative 
growth, the meristem maintains this shape but increases in 
size. Vaughn (1952) measured an average diameter of '90 
jim for the meristems of 25-day-old Arabidopsis plants kept 
vegetative in short days. On transition to flowering, the 
dome becomes more convex (Miksche and Brown, 1965, 
Vaughn and Jones, 1953, Vaughn, 1955). These workers 
also describe typical zonation patterns within the Ara- 
bidopsis meristem (Brown et al., 1964). 

Here we report the genetic analysis and morphological 
characterisation of three fasciated mutants of Arabidopsis. 
Fasciation is a term used to describe a variety of develop- 
mental abnormalities in the shoot system (Worsdell, 190^). 
These include distortions in phyllotaxy and broadening, flat- 
tening and, in extreme cases, bifurcation of the stem. Fas- 
ciations can result from a variety of causes such as wound- 
ing (Loiseau, 1959) or pathogen attack (Murai et al., 1980), 
or they may be genetic (MacArthur, 1926; McKelvie, 1 962; 
Reinholz, 1966; Krickhahn and Napp-Zinn, 1975; Usmanov 
and Startsev, 1979; Haughn and Somerville, 1988). Fasci- 
ation represents a breakdown in the pattern of organogen- 
esis and has been associated with meristematic enlargement 
(Loiseau, 1959; Krickhahn and Napp-Zinn, 1975). The 
study of fasciation might reveal how meristem structure and 
function are established and maintained in normal plants. 



Materials and methods 

Seed of the Enkheim, Landsberg erecta and fas! genotype were 
obtained from the Arabidopsis Information Service Seed Bank. 
Seed of the clvJ-I genotype was obtained from Vivian Irish and 
seed of the flo-5 genotype in the Columbia genetic background 
was obtained from George Haughn, and then crossed into a Lands- 
berg erecta background. 

Plants were grown in an autoclaved mix of 80% sand and 20% 
Fisons Levington multi-purpose compost. The plants were main- 
tained at 25°C in continuous light. Plants were grown axenically 
on Murashige and Skoog (1962) medium (MS) with 1% sucrose 
and solidified with 0.6% Difco Bacto Agar. Seedlings were grown 
in Petri dishes and mature plants were grown in jars or Magenta 
boxes (Sigma). Seeds were sterilized by soaking for ten minutes 
in a solution of 10% Clorox and 0.02% Triton X-100 followed by 
30 seconds in 70% ethanol. The seeds were then washed in five 
changes of sterile distilled water and transferred to the MS 
medium using a sterile toothpick or a Pasteur pipette. The plants 
were maintained at 25°C in continuous light. 

Ethyl methanesuphonate (EMS) mutagenesis 
Mutagenesis was carried out in a fume cupboard. Landsberg erecta 
seed was soaked for five hours in a solution of 0.1 M potassium 
phosphate buffer at pH 5, 5% dimethyl sulphoxide and an appro- 
priate concentration of EMS (between 12 and 500 mM). The seed 
was then washed twice for 15 minutes in 100 mM sodium thio- 
sulphate and twice for 15 minutes in water. The seed was allowed 
to dry on Whatman 3 MM paper, diluted with dry sand and planted 
at an approximate density of one seed per cm^. The mutagenised 
seed (the M i generation) was grown up and their progeny (the M2 
generation) were harvested from each M| plant separately to give 
a collection of M2 families. Approximately 10 members from each 
of 1200 families were planted in soil and screened for fasciated 
individuals. 



Shoot apical meristem sections 

Shoots from axenically grown seedlings were fixed for at least 
three days in 2.5% glutaraldehyde, 50 mM PIPES pH 7.2 and 
0.1% caffeine. The tissue was then washed in 50 mM PIPES pH 
7.2, stained with OSO4 and dehydrated through an ethanol series 
of five 3-hour steps ending in absolute ethanol. The ethanol was 
gradually replaced with epoxy resin to allow infiIU*ation. The resin 
was polymerised by baking overnight al 67^. The embedded 
tissue was sectioned using a pyramitome with glass knives. The 
sections were stretched in a drop of 100% ethanol and cleared and 
mounted with Gurr's neutral mounting medium supplied by BDH. 



Results 

Mutant isolation and genetic analysis of the fasciated 
mutants 

1200 Landsberg erecta EMS mutagenised M2 families were 
generated and screened for fasciated plants. Ten fasciated 
lines were isolated but only two were studied further since 
the remaining eight showed variable penetrance and expres- 
sivity. A literature survey revealed a fasciated line isolated 
by Reinholz (1966) following X-ray mutagenesis of seed 
of the Enkheim genetic background. This line was named 
fasciata (Fasl). We obtained seed from this line from the 
Arabidopsis Information Service seed bank. 

Genetic analysis of the mutant lines showed that in each 
case, the fasciations resulted from a single recessive 
Mendelian mutation (data not shown). Pairwise crosses 
between the three mutants gave all wild-type plants in the 
F], suggesting that each mutation is in a different gene. The 
genes were named Fasl (Reinholz, 1966), Fas2, and Fas3. 

The Fas loci were mapped with respect to various of the 
genetic markers described by Koomneef et al. (1983). Fasl 
was found to map between G12 and Chi on Chromosome 1 
(Table I), and Fas2 was found to map between Yi and Ttg 
on chromosome 5 (Table 2). Fas3 was found to map to 
chromosome 1 and to be allelic to both clvl (Koomneef et 
al, 1983) and^oJ (Haughn and Somerville, 1988) (data not 
shown). Koomneef et al. (1983) mapped Clvl to chromo- 
some 1, 8.6 map units proximal of G12 and Medford had 
previously shown flo5 and clvl mutants to be allelic (Med- 
ford personal communication). In pairwise crosses, yasi, 
flo5y and clvl, all failed to complement each other in the 
Fi and no wild-type plants segregated in the F2. Therefore 
the fas3, clvl and flo5 mutations are allelic and so flo5 was 
renamed clvl-2 and fas3 was renamed clvl-3. 

The fasl mutation was isolated in the Enkheim back- 
ground (Reinholz, 1966) which is wild-type at the erecta 
locus. When backcrossed into the Landsberg erecta genetic 
background the fasl mutant plants show reduced fertility 
in plants homozygous for the erecta mutation. Because of 
this, the fasl mutation was characterised in the Enkheim 
(ER"*") background with Enkheim controls. 

Phenotypic analysis of the fasciated mutants 
Fasciation is characterised by altered phyllotaxy and stem 
broadening. These aspects of the mutant phenotypes were 
analysed and the results are presented below. Interestingly, 
both these aspects of the mutant phenotypes became pro- 
gressively worse as the plants developed. If plant growth 
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Table 1. The F 2 segregation o/fasl chl, and gl2 in 
crosses between fasl, gl2 double homozygotes and 
wild-type plants; and fasl, chl double homozygotes and 
wild-type plants 





F2 phenotypes 




Markers 


+ + 


+ - 


- + 




linkage 


P 


Map units 


Fasl,G12 


109 


23 


22 


23 


19.8 


<0.0i 


29±7 


Fasl.Chl 


96 


22 


14 . 


16 


15.1 


<0.01 


30±7 



Table 2. The F2 segregation of fas2, ttg, and yi, in 
crosses between fas2 plants and ttg, yi double 
homozygotes 





F2 phenotypes 




Markers 


-f + 


+ _ 


- + 




linkage 


P 


Map units 


Fas2, Yi 


252 


105 


94 


11 


15.5 


<0.01 


33 ±4 


Fas2, Ttg 


247 


106 


89 


20 


5.7 


<0.05 


41±4 


Yi,Ttg 


272 


89 


75 


26 


0.8 


>0.05 


No significani 
linkage 



was slowed, for example by low temperatures, then more 
extreme fasciations developed. Apart from fasciation, the 
mutants also showed a variety of additional phenotypes 
including altered floral phyllotaxy, altered floral organ 
structure and number, unusual leaf shapes and inhibition- of 
root elongation. The analysis of each of these phenotypes 
is described below. 

Disturbed leaf phyllotaxy 

For both the wild-type strains used (Landsberg areata and 
Enkheim), phyllotaxy was found to be spiral with new 
leaves initiating at an angle averaging 138° from the pre- 
vious leaf. The direction of the spiral was random and the 
phyllotaxy did not change on transition to floral growth. All 
the mutant lines studied show deviations from this phyl- 
lotaxy. A precise analysis of leaf divergence angles is not 
practical for large numbers of plants but major alterations 
in the relative positions of leaves can be seen in intact plants 
(Fig. 1). The phyllotaxy of the first six leaves of plants of 
each genotype were analysed in this way and the percent- 
age of plants showing deviation from the normal phyllotaxy 
was recorded (Fig. 2). Some individuals in alt the mutant 
lines showed disturbed phyllotaxy within the first six leaves. 
An allelic series was found within the CIvl alleles with 
60% of clvI-2 plants, 42% of clvl-3 plants and 30% of 
clvJ-1 plants showing phyllotactic distortions within the 
first six leaves. This figure is 40% for fas2 plants and 23% 
for fasl plants. These data show that in all five mutant lines 
examined, some proportion of seedlings initiate leaves in 
unusual positions with respect to the other early leaves. 

Fasciation in the inflorescence 

The inflorescence of Arabidopsis consists of a bolting stem, 
cauline leaves and flowers, initiated in the same spiral phyl- 
lotaxy as the leaves (Smyth et al., 1990). In all the mutants, 
the fasciations observed in the rosette persisted into the 
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clv1-1 clv1-2 clv1-3 fasl fasZ 

Fig. 2. The graphs show the percentage of civ 1, fas I and fas2 
plant? that show deviations from wild-type phyllotaxy within the 
first six rosette leaves. For each genotype 50 plants were scored 
except for fas2 where only 25 plants were scored. No phyllotactic 
abnormalities were observed in a samples of 50 Landsberg erecta 
plants and 50 Enkheim plants. 

inflorescence and tended to worsen with time (Fig. 3 A-F). 
The severity of inflorescence fasciations varied from plants 
in which only a single flower was not in the normal phyl- 
lotaxy, to plants in which the initiation of flowers failed 
entirely leaving the meristem exposed. Such exposed meris- 
tems occurred frequently in the fas2 line, more rarely in the 
fasl line and never in the clvl mutants. 

Other less extreme phenotypes observed include overall 
stem enlargement, stem flattening (line or ribbon fasciation) 
(Fig. 3 E-F), and stem flattening accompanied by stem 
bifurcation. Bifurcation appears to normalise the phyllotaxy 
somewhat resulting in the establishment of two or more 
new spiral phyllotaxies. Another feature of the mutant inflo- 
rescences is the failure to maintain stem elongation so that 
the mature structure appears crowded with flowers and 
siliques. 

Changes in the number and structure of floral organs 
In addition to fasciations, all the mutant lines show abnor- 
malities in floral phenotype (Fig. 3 A-B). In clvl mutants, 
additional floral organs may arise in all or any of the floral 
whorls (Fig. 4). The most consistently affected whorl is the 
carpel whorl. Here the wild-type number of two carpels is 
seen rarely, and only in clvl-1 plants. In all three alleles 
the modal carpel number is four. The organs of clvl flow- 
ers appear to be structurally wild-type although some 
double organs arise. 

In contrast, both fasl and fas2 mutants have fewer floral 
organs in their petal and stamen whorls and on average 
more sepals, while the carpel number is unaffected (Fig. 4). 
The organs in all whorls are not wild- type. The sepals and 
petals are narrow and both mutant lines show reduced fer- 
tility. In fas2 mutants, floral initiation can break down 
entirely or fused partial flowers may arise. 

Leaf morphology and t^oot growth 

The leaves of clvl mutants are slightly rounder than wild- 
type (Fig. 3 G-H) and occasional double leaves are 
observed. All three clvl mutants have near wild-type root 
growth (Fig. 5). The fasl and fas2 mutants show variable 
leaf shapes (Fig. 3 I-J) and reduced root elongation (Fig. 
5). The leaves of fasl plants are dentate and generally nar- 
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Fig. 4. The graphs show the mean 
deviation from wild-type floral 
organ number in each of the 
fasciated mutant lines. In both 
Landsberg erecta and Enkheim 
flowers there are invariantly four 
sepals, four petals and two carpels. 
Enkheim plants always have six 
stamens but in Landsberg erecta 
flowers one, or both of the abaxial 
stamens may fail to develop such 
that the mean number of stamens 
in these flowers is 5.7±0.02. The 
error bars represent the standard 
error of the means. 



rower than wild-type. Fas2 plants show a variety of leaf 
shapes but the leaves are also often narrower than wild- type 
and occasionally lanceolate, particularly the cauline leaves 
(Fig. 6). The roots of fas I plants are 60% wild-type length 
after 2 weeks of growth and those of fas 2 are 38% wild- 
type length. 

The shoot apical meristems of wild-type and mutant plants 
Fasciation represents a breakdown in the control of shoot 
apical meristem function and so may involve or result fi'om 
breakdown in shoot apical meristem structure. The apical 
meristem of fas2 plants can frequently be observed directly 
in individuals in which organ initiation has failed to such 
an extent that the meristem is not hidden by recently initi- 
ated leaves. These plants show that the meristem has 
enlarged greatly, mainly in one plane (Fig. 6). In fas] and 
clvl plants, direct observation of the meristem is not pos- 
sible so longitudinal sections were taken though the meris- 
tems of 5-day-old fasJ, clvl-3y Enkhiem and Landsberg 
erecta plants (Fig. 6). At least 4 meristems of each geno- 
type were examined. The sections show that at this stage 
the meristems of both the wild-type lines used consist of a 
shallow dome of avacuolate cells. In Landsberg erecta 
plants the meristem measures between 50 jim and 62 ^m 
across the base and between 20 jam and 25 ^m in height. 
At its highest point, the meristem has 4 layers of avacuo- 
late cells. The meristem of clvI-3 plants is on average both 
broader and taller than wild- type measuring between 60 |im 
and 90 ^m across the base, and between 25 jam and 30 ^m 
in height. At its highest point, the civ] -3 meristem has 
between 5 and 7 layers of avacuolate cells. Although the 
dome structure is maintained, civ] -3 meristems have more 
gently sloping sides so that they are bell shaped. 

In wild-type Enkheim plants the meristem measures 
between 50 ^im and 65 ^m across the base and between 25 
|jm and 30 jim in height. In fasi plants, the meristem is 
usually broader than wild-type being between 50 ^m and 
80 |im across the base but the dome shape of the wild-type 



is not observed. The fas] meristem is nearly flat, measur- 
ing between 15 ^m and 23 ^m in height, and having only 
1 or 2 layers of avacuolate cells. 

Double mutant combinations 

In order to examine possible interactions between the muta- 
tions, pairwise crosses were performed between civ] -2 and 
the fas] and fas 2 mutants. The resultant F2 populations were 
screened for possible double mutant homozygotes. Plants 
were observed which showed the leaf morphology of the 
fas mutants and the distinctive silique phenotype of the civ] 
mutant. In the F3, the progeny of these plants were all of 
similar phenotype with no segregation of distinct pheno- 
typic classes suggesting that these F2 plants were indeed 
doubly homozygous for c/v/-2 and each of the fas muta- 
tions. The phenotypes of the fas], civ] -2 and fas2, clv]-2 
double mutants were morphologically similar (as fas] and 
fas2 plants are similar), and appear to represent the super- 
imposition of the two phenotypes with no obvious interac- 
tion. Like fas mutants, the double mutants are slow grow- 
ing with narrow and variable leaves, sepals and petals but 
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Fig. 5. The graph shows the mean root length of wild-type 
(Landsberg erecta and Enkheim) and mutant plants after two 
weeks growth on vertically positioned Petri dishes. The error bars 
represent the standard error of the means. 
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Fig. 6. (A) The photograph shows the shoot apical meristem of a 
fas2 plant. Organ initiation in this plant has been affected to such 
an extent that the meristem is not hidden by young leaves or buds 
as it would be in a wild-type plant. The meristem has degenerated 
into a large callus-like structure (M). Note also the narrow leaf (L) 
on the bolting stem. (B) The photomicrographs show 6 \m\ 
median, longitudinal sections through the shoot apical meristem of 
a 5-day-old wild-type Enhkheim plant on the left, and a 5-day-oId 
fas J plant on the right. (C) The photomicrographs show 6 ^m 
median, longitudinal sections through the shoot apical meri stems 
of a 5-day-old wild-type Landsberg erecta plant on the left, and a 
5-day-old civ J -3 plant on the right. In B and C, the plants were 
stained with Os04 during fixation. Meristematic cells are 
identifiable because their cytoplasm stains more densely than that 
of nearby, more vacuolate cells. The meristems are marked M ahd 
leaf initials are marked L Xylem vessels are marked X. Bar, 20 
^m. 



like the clvl mutants they have club-like siliques. Such 
plants show stem and inflorescence fasciation and the only 
novelty is that flower initiation tends to become localized 
on one side of the apex. This gives a "brushlike" appear- 
ance with siliques and flowers clustered on one side of the 
stem (Fig. 7). 



Similar crosses were performed between the two fas 
mutants but no obvious double mutant class could be iden- 
tified in the F2. In the F2 plants, 99 wild-type and 73 fas- 
ciated types were found. This is in good agreement with 
the segregation expected of two unlinked recessive mutants 
of similar phenotype; 9:7 (x^ = 0.11). However, the data 
are also compatible with the double mutant class having a 
lethal phenotype; 9:6 (x^ = 0.43). In an attempt to resolve 
this, seven fasciated F2 plants were harvested and the F3 
sown in the expectation that segregation of the other fas 
mutation might be observed. Two of the seven families seg- 
regated a seedling lethal phenotype. The affected individu- 
als die with two to four true leaves. There is no direct evi- 
dence that the lethal phenotype is related to the interaction 
of fasi and fas2. So the phenotype of the double mutant 
class may either be the seedling-lethal or indistinguishable 
from the single fas homozygotes. Further genetic analysis 
is needed to resolve this. 



Discussion 

In order to learn about the control of meristem structure 
and function in plants, we have characterised three shoot 
apical meristem mutants of Arabidopsis thaliana> fasly 
fas2 and clvL The fas I and fas2 loci were mapped. The 
clvl locus has previously been mapped by Koomneef et al. 
(1983) and three independent clvl alleles were charac- 
terised in this study. The mutants can be grouped into two 
classes with the clvl mutants making up one class, and fasl 
and fas2 making up the other. The main features that sep- 
arate these classes are that fasl and fas2 mutants have 
darker green, abnormally shaped leaves, short roots, abnor- 
mal floral organs and a tendency for breakdown in the abil- 
ity of the meristem to initiate unique and distinct organs. 
Conversely, clvl mutants have nearly wild-type leaves, 
wild-type roots and additional, but structurally normal, 
floral organs and, except for rare double organs, the plants 
retain the ability to initiate distinct and unique organs. 

There are also features common to all the mutant phe- 
notypes. The mutants were selected for fasciation and all 
show characteristic broad stems and distortions in phyl- 
lotaxy in both the vegetative and floral apex. In all cases, 
the fasciations are associated with enlargement and shape 
change in the meristem. The fasciations become progres- 
sively worse with time and can eventually lead to stem 
bifurcations. Following bifurcation, more normal phyl- 
lotaxy is temporarily restored. 

Implications for the field theory of phyllotaxy 
The association that we observe between phyllotactic dis- 
tortions with meristematic enlargement is consistent with 
the results of other workers studying both genetic (Krick- 
hahn and Napp-Zinn, 1975) and wound induced (Loiseau, 
1959) fasciations. The observation that a more normal phyl- 
lotaxy is restored following stem bifurcation further 
strengthens the correlation between meristem enlargement 
and fasciation. Bifurcation results from the splitting of the 
apical meristem which presumably reduces its size. This 
correlation can be viewed as support for the field theory of 
phyllotaxy (Wardlaw, 1949). The field theory proposes that 
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the position of new leaves is determined by the interaction 
of fields of substances inhibitory to leaf initiation which are 
produced by recently initiated leaves. If it is assumed that 
the size and strength of these fields is not affected by the 
mutations, then the observed enlargement of the meristems 
would lead to alterations in the interactions of the inhibitory 
fields, provoking alterations in the position of new leaf 
initiation, and hence alterations in phyllotaxy. 

It is possible that the size and/or strength of the fields 
are affected by the mutations. This would lead to phyl- 
lotactic distortion even in the absence of meristematic 
enlargement. Even so, it seems unlikely that any alteration 
in these fields is the primary affect of the mutations 
described here since this would not explain why the meris- 
tems of all the mutations are altered in size and shape, and 
why in all cases floral development is also affected. It there- 
fore seems more likely that the mutations primarily affect 
meristem development and their phenotype should be inter- 
preted in this light. 

Implications for the independence of PZ and CZ function 
The functions of the shoot apical meristem can be consid- 
ered as firstly the initiation of distinct organs in a particu- 
lar pattern, which is largely achieved by the peripheral zone 
(PZ), and secondly the maintenance of meristem size and 
shape which is largely achieved by the stem-cell-like activ- 
ities of the central zone (CZ). In fas! and fas2 plants both 
these functions are simultaneously disrupted such that dis- 
tinct and wild-type organs are not always initiated and the 
size and shape of the meristem is not maintained. 

In civ J plants, more specific alterations are observed. The 
mutant plants retain the ability to initiate wild-type leaves 
but fail to maintain apical meristem size and shape. The 
phenotype of clvl mutants clearly demonstrates the partial 
independence of these two meristem functions although the 
phenotypes of fas! and fas2 indicate that this separation is 
not total. An attractive hypothesis to explain the civ J pheno- 
type is that only a subset of cells in the meristem are 
affected by the mutations. The curious bell shape of some 
clvJ meristems, coupled with the observation that the 
phenotype of the leaves of clvl plants is nearly wild-type, 
suggests that only the CZ and not the PZ is affected by the 
mutations. If the CZ enlarges, the PZ would be forced out- 
ward and, if the field theory of phyllotaxy is correct, this 
would lead to phyllotactic distortions as discussed aboVe. 
Despite this enlargement, the PZ of clvl plants retains the 
ability to direct the differentiation of nearly wild- type 
leaves. The rare double leaves may not represent a break- 
down in the normal mechanisms directing organ initiation, 
instead they might represent the normal functioning of these 
mechanisms without compensating for the increased size of 
the meristem. This will lead, on occasions, to t\yo leaves 
initiating very close together, which could result in the 
observed double leaves. This contrasts with the fi-equent 
failure in distinct organ initiation observed in fas J and par- 
ticularly in fas2 plants. If this failure occurs at all in any 
one plant, it usually continues until the meristem fails alto- 
gether. This phenotype may be the result of a more general 
breakdown in meristem function. 

One possible way to test the relative effects of the muta- 
tions described on the PZ and the CZ would be to use a 



PZ-specific reporter gene. Medford et al. (1991) have iso- 
lated a promoter fi^om cauliflower that expresses specifi- 
cally in the PZ of the meristem. This promoter has been 
fused to the p-galacturonidase reporter gene (Jefferson et 
al., 1987) for which a number of chromogenic substrates 
are available. The transfer of these constructs into plants 
allows histochemical localisation of gene expression. If 
such constructs were introduced into wild-type and mutant 
plants, then the relative sizes of the PZ and CZ could be 
studied in the mutants and compared to those of wild-type 
plants. In this way, it might be possible to test the theory 
that there are CZ-specific alterations in clvl meristems but 
less specific alterations in fas! and fas2 meristems. 

Implications for the relationship between the floral 
primordium and shoot apical meristem 
Mutations at all the loci studied give rise to non- wild-type 
floral development. The nature of the floral phenotype in 
each mutant line closely parallels the phenotype of the shoot 
system. In fas I and fas2 plants, the floral organs, like the 
leaves, are narrow and variable resulting in reduced fertil- 
ity. In clvl plants, while additional organs are observed, 
these organs are wild-type, although occasional double 
floral organs are formed as were occasional double leaves. 
The carpels are consistently duplicated in clvl plants. These 
organs are derived firom the centre of the flower pri- 
mordium. The clvl mutation results in enlargement of the 
centre of the apical meristem and the carpel phenotype may 
involve a similar enlargement of the centre of the flower 
primordium. The parallel phenotype of the shoot apical 
meristem and the floral primordia suggests that there are 
common factors involved in regulating both these struc- 
tures. This is consistent with the view that the floral pri- 
mordium is evolutionarily derived fi-om the shoot apical 
meristem. This idea is supported by genetic evidence which 
suggests floral organs are modified leaves. Arahidopsis 
plants mutant in genes involved in floral development may 
fail to produce floral organs and produce leaves in the posi- 
tions where floral organs would normally develop (Bowman 
et al., 1989). 

Attempts were made to construct all three possible 
double mutant combinations of faslyfas2 and clvI-2. The 
fas2,fasl combination may either resemble the fas mutants 
or it may be lethal. The fasl^ clvl-2 and fas2, clvI-2 plants 
are similar in phenotype, suggesting that the affects of these 
mutation are additive. 

The phenotypes of the mutants described here probably . 
result from meristem enlargement and shape change. This 
in turn alters the pattern of organ initiation and to a lesser 
extent the structure of the organs formed. In this respect, 
these mutations are distinct fi-om other groups of develop- 
mental mutants in Arabidopsis which affect organ identity 
(Meyerowitz et al., 1991), developmental timing (R^dei, 
1962) and presence or absence of pattern elements (Mayer 
et al., 1991). It is probably not meaningful to speculate on 
the specific roles of the wild-type genes defined by these 
mutations since fasciations can be provoked by rather non- 
specific stimuli (Loiseau, 1959; Murai et al. 1980). How- 
ever, particularly in the case of clvl mutants where such 
precise changes are seen, it is possible that these genes are 
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involved in regulating the proliferation and differentiation 
of meristem cells. 
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Fig. 1. The photographs and interpretive drawings show the phyllotaxy of (A) Landsberg erecta wild-type and (B) two clvl plants. In 
the drawings leaves are outlined with solid lines and cotyledons are outlined with dotted lines. The leaves are numbered in order of 
initiation and the displaced leaves of clvl plants are marked with an asterisk. 



Fig. 3. Photographs A-D show the typical inflorescence morphplogy of (A) a wild- 
type Landsberg erecta plant, (B) a clvl -2 plant, (C) a fasl plant and (D) a fas2 
plant. The oldest clvi-2 flower has been opened to show the additional floral 
organs. The inflorescences of fas! and fas2 plants are similar in morphology being 
generally disorganised. The narrow sepals and petals of the fas mutant flowers 
allow anthers to protrude as shown. Photographs E and F show the bolting stem of 
(E) a wild-type Landsberg erecta plant and (F) a fasl plant: The wild-type stem is 
of even width throughout. Toward the apex, the fasl stem shows a typical ribbon 
fasciation, being broad and flat. Photographs G-J show typical rosette leaves from 
(G) a wild-type Landsberg erecta plant, (H) a civ 1-2 plant, (I) a fasl plant and (J) a 
fas2 plant- The leaves of clvl plants are consistently somewhat rounder than wild- 
type. In the fas mutants the leaves are variable in shape. Typically rosette leaves of 
fasl plants are dentate as shown, while the rosette leaves of fas2 plants are more 
nearly wild -type but may be asymmetrical. Particularly in fas2 mutant plants, more 
extreme leaf shape abnormalities are observed later in development (see Fig. 6). 

Fig. 7. The photograph shows the inflorescence of a clvl -2, fasl double mutant 
plant. The bolting stem has curled round and floral initiation has become limited to 
one side of the stem. 
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We investigated the potential of double-stranded RNA interfer- 
ence (RNAi) with gene activity \n Arabidopsis thaliana. To construct 
transformation vectors that produce RNAs capable of duplex for- 
mation, gene-specific sequences in the sense and antisense orien- 
tations were linked and placed under the control of a strong viral 
promoter. When introduced into the genome of A. thaliana by 
^grobacter/c/m-mediated transformation, double-stranded RNA- 
expressing constructs corresponding to four genes, AGAMOUS 
{AG), CLAVATAS, APBTALA1, and PERIANTHIA. caused specific and 
heritable genetic interference. The severity of phenotypes varied 
between transgenic lines. In situ hybridization revealed a correla- 
tion between a declining AG mRNA accumulation and increasingly 
severe phenotypes in {RNAi) mutants, suggesting that endog- 
enous mRNA is the target of double-stranded RNA-mediated ge- 
netic interference. The ability to generate stably heritable RNAi 
and the resultant specific phenotypes allows us to selectively 
reduce gene function in A. thaliana. 

IT) Arabidopsis thaliana, reverse genetic techniques for isolating 
mutants corresponding to known sequences, such as antisense 
suppression (1-7), cosuppression by overexpression of the target 
gene (3, 8, 9), targeted gene disruption (10), or the PGR 
approach of screening for T-DNA insertion libraries (11, 12) 
have been developed, but are often insufficient and have many 
unanticipated difficulties. The widespread identification of dif- 
ferentially expressed genes, homologous genes, and interacting 
proteins have created a need for potent and efficient methods for 
obtaining their loss-of-function or reduction-of-function mu- 
tants. 

Double-stranded RNA (dsRNA)-mediated interference with 
expression of specific genes has been observed in a number of 
organisms including Caenorhabditis elegans (13-17), plants (18, 
19), Drosophila (20, 21), Trypanosoma brucei (22), and a planar- 
ian (23). Although the mechanism of RNA interference (RNAi) 
is not well understood, it seems to provide an effective way to 
discover gene function in many organisms (24-26). 

To investigate the potential of dsRNA interference with gene 
activity in A, thaliana, we introduced dsRNA-expressing con- 
structs of selected genes with previously defined functions into 
plants. Gene constructs delivered into plants with Agrobacte- 
rmw- media ted transformation are stably integrated into the 
genome of host cells; thus, RNA expression from these con- 
structs in transgenic plants can be persistent and heritable. 

In this study, one gene from each of four major categories of 
genes involved in flower development was chosen, to determine 
the ability of RNAi to allow functional assessment of genes with 
diverse developmental functions in flowers. They are the floral 
organ identity gQ.r\^ AGAMOUS {AG), the floral meristem-size 
gene CLAVATA3 (CLV3), the floral meristem identity gene 
APETALA] (API), and the floral organ number gene PERI- 
ANTHIA (PAN) (27-30). The phenotypes produced by dsRNAs 
corresponding to these genes are similar to those of their 
previously identified reduction-of-function or loss-of-fu;iction 
mutants (31-36), The progeny from fertile RNAi mutants, such 
as CLV3 {RNAi) and API (RNAi) plants, also showed pheno- 
types. In addition to high specificity and heritability, a pheno- 
typic series (weak, intermediate, and strong) was obtained from 



dsRNA interference. Furthermore, in situ hybridization indi- 
cates that endogenous target mRNA is decreased in RNAi 
mutants. Most constructs that are designed to produce only 
antisense or only sense RNA do not induce interference. Thus, 
specific and inheritable dsRNA interference may offer a useful 
alternative to classical reverse genetic screening of mutants in A. 
thaliana. 

Materials and Methods 

Constructs. A summary of DNA constructs is shown in Fig. 1. In 
p35S::A-GUS-S and p35S::A, constructs were ligated to the 
BamUl and Xbal sites of pCGN1547 (37) into which an 842-bp 
fragment of the cauliflower mosaic virus 35S promoter and a 
253-bp fragment of the 3' end of nopaline synthase had previ- 
ously been inserted in the AspllS/BamUl and Xhal/Pstl sites, 
respectively (38). Constructs consisting of a 339-bp fragment of 
the nopaline synthase promoter, gene-specific sequences in the 
sense orientation and a 253-bp fragment of the 3' end of 
nopaline synthase were ligated to the Pst\ and HindlU sites of 
pGGN1547 and p35S::A to make pNOS::S and p35S::A-NOS::S, 
respectively. In p35S::A-GUS-S, the )3-glucuronidase (GUS) 
fragment containing nucleotides 787-1,809 was used as a linker 
between gene-specific fragments in the antisense and sense 
orientations. y4G, CLV3,AP1, and PAN cDNA coding sequences 
used in this study contain nucleotides 301-855 (27), 3-291 (28), 
445-854 (29), and 27-396 (30), respectively. 

^grobacter/um-Medlated Transformation. Agrobacterium strain 
ASE carrying DNA constructs in pCGN1547 was used to 
transform Arabidopsis plants (To) by vacuum infiltration (39). 
Txzmioxmtd Arabidopsis lines (Ti) were selected on Murashige/ 
Skoog (Sigma) plates containing kanamycin (50 /xg/ml). Kana- 
mycin-resistant seedlings were then transferred to soil. Pheno- 
typic analysis of Ti and T2 plants is summarized in Table 1 and 
Table 2, respectively. 

/n Situ Hybridization. The AG cDNA clone pCIT565 containing 
nucleotides 9-977 (27) was used to synthesize antisense and 
sense probes. ^^S-labeled RNA probes were synthesized with 
Riboprobe in vitro Transcription Systems (Promega), The tem- 
plate was linearized with HindXXl and transcribed by T7 RNA 
polymerase (antisense probe), or linearized with Xhol and 
transcribed by SP6 RNA polymerase (sense probe). Tissue was 
fixed in 1 X PBS containing 4% paraformaldehyde/0.1% Triton 
X-100/0.1% Tween 20 at 4°C overnight. Fixed tissue was dehy- 
drated with ethanol, cleared with xylene, embedded in paraffin 
(Paraplast Plus, Oxford Labware, St. Louis), and sectioned at 8 
/Lim. In situ hybridization was performed as described by Drews 
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p35S::A-GUS-S 



p35S::A-NOS::S 



O 



Table 2. Inheritance of genetic interference in CLV3 (RNAi) and 
API (RNAi) mutants 



p35S::A 



pNOS::S 



Fig. 1. Gene constructs used to analyze dsRNA effects. In p355::A-GUS-S. 
gene-specific sequences (open boxes with arrows indicating the orienta- 
tion) in the antisense (A) and sense (S) orientations were linked with a 
1,022-bp fragment of the GU5 gene (hatched box) and controlled by the 
35S promoter (solid arrow). A schematic structure of the predicted dsRNA 
stem with a single-stranded loop generated by p35S::A-GUS-S constructs is 
shown. In p35S:;A-NOS::S, gene-specific sequences in the antisense and 
sense orientations were controlled by the 355 promoter and the nopaline 
synthase promoter, respectively (open arrow). p35S::A contains gene- 
specific sequences in the antisense orientation under control of the 355 
promoter. pNOS;:S contains gene-specific sequences in the sense orienta- 
tion driven by the nopaline synthase promoter. Solid box, the 3' end of 
nopaline synthase. 



et al. (40), with modifications by Sakai et al. (41). Exposure time 
was 8-10 days. 

Western Blot Analysis. Bud clusters (stages 1-12, including the 
inflorescence meristem) from one inflorescence were frozen and 
ground in liquid nitrogen, thawed in 30 yA of lysis buffer (50 mM 
Tris, pH 7.5/1 mM EDTA/100 mM NaCl/1% Nonidet P-40/ 
0.1% SDS/().1% Triton X-100/0.7% 2-mercaptoethanoi/l mM 
PMSF). The extract was mixed with 15 /xl of 3X sample buffer 
(187 mM Tris, pH 6.8/6% SDS/30% glycerol/3% 2-mercapto- 
ethanol/0.06% bromophenol blue), boiled for 5 min, and cen- 
trifuged (16,000 x g for 10 min al room temperature). Twenty 
microliters of the supernatant was separated on an SDS/12.5% 
polyacryl amide gel. The protein was transferred to nitrocellulose 
membrane (Schleicher & Schuell), probed with an AG-specific 
polyclonal antibody (42) and horseradish peroxidase-labeled 
secondary antibody (Amersham International), and detected 



Table 1. Effects of sense, antisense, and dsRNAs on transgenic 
plants 





Transformed 


Transformed 


RNAi nnutants/ 




Gene 


background 


construct 


total 


% 


AG 


Ws* 


p355::A-GUS-S 


235/236 


99.6 






pNOS::A-GUS-S 


2/32 


6 






p35S::A-NOS::S 


3/124 


2 






p35S::A 


0/111 


0 






pNOS::S 


0/95 


0 


CLV3 


Ws 


p35S::A-GUS-S 


121/137 


88 






p35S::A-NOS::S 


2/176 


1 






p35S::A 


0/273 


0 






pNOS::S 


NDt 


ND 


API 


L-ert 


p35S::A-GUS-S 


249/260 


96 






p35S;:A 


8/140 


6 






pNOS.:S 


0/62 


0 


PAN 


crc-1 


p35s::A-GUS-S 


110/126 


87 






p35S::A-NOS::5 


18/66 


27 






p35S::A 


42/76 


55 






pNOS::S 


2/6 


33 







T2 plants 




Copy no.^ 


Ti plants 




Mutants 


WT* 


in Ti plants 


CiV3 (RNAi) 


Plant 1 


14 


8 


ND* 


API (RNAi) 


Plant 1 (W&) 


25 (W) 


8 


1 




Plant 2 (W) 


22 (W) 


8 


1 




Plant 3 (111) 


21 (1) 


6 


1 




Plant 4 (l/S") 


19(I/S) 


7 


1 




Plant 5 (S**) 


17(5) 


5 


1 




Plant 6 (S) 


20 (S) 


4 


1 



*Ws, Wassilewskija. 
^ND, not determined. 
*L-er, Lands berg erecta. 



*WT, wild type. 

^Number of transgene copies estimated from segregation ratios. 
*ND, not determined. 
5W, weak. 

intermediate. 
||l/S, intermediate/strong. 
**5, strong. 



with the enhanced chemiluminescence system (ECL; Amersham 
International). 

Results 

To make constructs that produce dsRNA, gene-specific se- 
quences in the antisense and sense configurations were either 
linked with the partial GUS gene and placed under control of the 
constitutive 35S promoter from cauliflower mosaic virus 
(p35S::A-GUS-S), or controlled by the 35S promoter and the 
constitutive nopaline synthase promoter, respectively 
(p35S::A-NOS::S). A single RNA transcribed from the fusion 
gene in p35S:: A-GUS-S can potentially form a dsRNA stem with 
a single-stranded loop structure (Fig. 1). Genetic interference 
effects of sense, antisense, and dsRNAs corresponding to AG, 
CLVSyAPl, and PAN are outlined in Table 1. For each of these 
genes, p35S::A-GUS-S constructs caused potent and specific 
genetic interference. However, p35S::A-NOS::S, p35S::A and 
pNOS::S constructs had either no, or weak, genetic interference 
effects. We will refer to transgenic plants carrying functional 
p35S::A-GUS-S constructs by listing the gene name followed by 
RNAi. For unknown reasons, the sense construct corresponding 
to CLV3 caused toxicity in Agrobacterium and the sense con- 
struct of PAN resulted in very low transformation efficiency of 
crabs claw-1 {crc-1) plants. Therefore, interference effects of the 
CLV3 sense construct were not determined and only six trc-i 
transgenic plants containing the PAN sense construct were 
analyzed. 

AGdsRNA-Mediated Genetic Interference. >1G was chosen for initial 
characterization of RNAi in developing flowers. Arabidopsis 
flowers consist of four concentric whorls of organs. Most wild- 
type flowers have four sepals, four petals, six stamens, and two 
fused carpels, from the outermost first whorl to the innermost 
fourth whorl (Fig. 24). Mutations in the^^G gene cause homeotic 
alterations of the third and fourth whorls of organs in flowers 
(31). In severe ag loss-of-function mutants (Fig. 2B\ the third 
whorl primordia develop into petals indistinguishable from those 
of the second whorl, and the fourth whorl develops into another 
ag flower, resulting in a repetitive pattern of sepals, petals, and 
petals (32). 

The phenotypes produced by AG dsRNA are frequent and 
specific (Fig. 2 C-/). All but one of 236 transgenic plants showed 
ag mutant phenotypes. These AG (RNAi) mutants can be 
arranged into a phenotypic series based on the severity of the 
homeotic transformation in the third whorl and the extent of 
floral indeterminacy in the fourth whorl. Weak and intermediate 
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Fig. 2. Flowers of wild-type, ag-1 and AG {RNAi) plants. {A) Wild-type flowers 
have four sepals, four petals, six stamens, and two carpels. (8) ag-1 flowers consist 
of an indeterminate nunnber of whorls of sepals and petals in the pattern (sepals, 
petals, petals)n, with no staminoid or carpeloid tissue. (C-/) AG (RNAi) flowers 
with different severity of phenotypes. (O Strong mutant flowers phenocopied 
ag-1 AD) Longitudinal section of a strong mutant flower showing a large number 
of sepals and petals produced by an indeterminate floral meristem (FM). (f) Weak 
mutant flower. The stamens fail to elongate and the anthers are slightly petaloid 
(arrowhead), with no pollen. (F) Intermediate mutant flower with some sepals 
and petals removed. Anthers are partially transformed into petaloid tissue (ar- 
rowheads). The gynoecium is bulged at the top (arrow, f), with inner organs such 
as carpels (arrowhead, G) and/or petals (arrowheads, H). {/) Intermediate/strong 
mutant flowers have the repeated pattern of sepals, petals, petals fofmed in 
outer whorls and an incomplete flower in the center {ar row). AG {RNAi) plants are 
in the Wassilewskija background; therefore, internode elongation between suc- 
cessive internal flowers are seen in intermediate/strong (/) and strong mutant 
flowers (O- 



AG (RNAi) mutant flowers showed partial homeotic transfor- 
mation in the third whorl organs and slight floral indeterminacy 
(Fig. 2 E-H), However, intermediate/strong and strong AG 
(RNAi) mutant flowers showed complete transformation of the 
third whorl organs from stamens to petals and severe floral 
indeterminacy (Fig. 2 C, D, and /). Particularly, flowers from 
strong AG (RNAi) plants (Fig. 2C) are indistinguishable from 
those of strong ag mutant alleles such as ag-l (Fig. 25). Weak, 
intermediate, intermediate/strong, and strong AG {RNAi) mu- 
tants represent 16, 32, 43, and 9%, respectively, of the transgenic 
plant populations. In contrast, pNOS::A-GUS-S, in which the 
nopaline synthase promoter was used to drive the fusion gene, 
and p35S::A-NOS::S constructs fory4G caused very weak genetic 
interference in 2 out of 32 and 3 out of 124 transgenic plants, 
respectively (data not shown). Flowers from transgenic plants 
containing the AG antisense (n = 111) or sense {n - 95) 
construct are indistinguishable from those of wild-type plants 
(data not shown). 

dsRNA Interferes with mRNA Accumulation. In situ hybridization was 
performed to determine the target of dsRMA interference. The 
earliest expression oiAG in wild-type flowers is in stage three, 
in those cells that will give rise to the third- and fourth-whorl 
organ primordia. Later, AG expression is restricted to the 
stamen and the carpel primordia (Fig. 2>F) (27). The autoradio- 
gram of the tissue hybridized with din AG anti-mRNA probe 
showed that hybridization signals declined with increasingly 
severe phenotypes \x\ AG {RNAi) mutants (Fig. 2t A-E), consis- 



o 

AG 
protein 



VVl ag-1 w 



i/s 



Fig. 3. Effects of >AG dsRNA on levels of >AG mRNA and AG protein. (A-£) An 
autoradiogram of the tissue hybridized with an AG anti-mRNA probe. The 
tissue is from wild-type (A and f). weak (fi and 6), intermediate (C and H). 
intermediate/strong (D and f). and strong (£ and J) AG (RNAi) mutant plants, 
(A-5) Hybridization signals declined gradually with increasingly severe phe- 
notypes. (f-y) The bright-field/dark-field double exposures of longitudinal 
section through the inflorescence meristems with stage 2-5 flowers. The silver 
grains representing AG mRNA expression were made to appear yellow with 
the use of a yellow filter. The number indicated corresponds to the develop- 
ment stage of flowers (43). im, inflorescence meristem. (Bar = 50 ;tm.) (K and 
L) An autoradiogram of the tissue hybridized with an AG sense probe. The 
tissue is from wild-type {K and M) and intermediate >AG (RNAi) mutant plants 
{L and W). (O) Western blot analysis of AG protein. The anti-AG antibody 
recognizes the carboxyl-terminal part of the AG protein from aa 220-285 
which is absent in the AG-1 protein (27, 42); thus, ag-1 is a control of the 
specificity of the antibody. Whereas AG protein is weakly expressed in weak 
(w) and intermediate (i) AG (RNAO mutants compared with wild type (Wt), it 
is not detected at levels above background in intermediate/strong (i/s) and 
strong (s) AG (RNAI) mutants. 



tent with the observation that AG mRNA accumulation is 
decreased m AG {RNAi) mutants (Fig, 3 G-J). These results 
suggest that endogenous mRNA is a target of dsRNA-mediated 
genetic interference. When used as a standard control for in situ 
hybridization, an^G sense probe hybridized with the tissue from 
AG {RNAi) mutants but not with that from wild type (Fig. 3 
K-N), suggesting that AG antisense RNA is produced in AG 
{RNAi) mutants. Reverse transcription-PCR analysis with GUS- 
and ylG-specific primers also showed that expression levels of 
both strands of AG RNA from the fusion gene in p35S::A-GUS-S 
increase with increasingly severe phenotypes (data not shown). 
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Fig. 4. Phenotypes of wild-type, CLV3 {RNAi\ and dv3~2 plants. Wild-type 
and CLV3 (RNAi) mutants are in the ecotype Wassilewskija, whereas dv3-2 is 
in the ecotype Landsberg erecta which has reduced internode elongation. The 
inflorescence meristems are enlarged in CLV3 (RNAi) (B) and clv3-2 (O com- 
pared with wild type (A). (D) Wild-type flower. (£) CLVS {RNAi) and (f) civ3-2 
flowers have additional organs. (G-/) Cross section of gynoecia showing that 
the wild-type gynoecium (G) consists of two carpels, and gynoecia in CLV3 
{RNAi) (H) and clv3-2 (/) have four carpels. 



Furthermore, Western blot analysis of total protein from 
wild -type and y4G (RNAi) mutants with an AG-specific poly- 
clonal antibody (42) demonstrated that the severity of pheno- 
types is correlated with a reduction of the AG protein level in AG 
(RNAi) mutants. AG protein is weakly expressed in weak and 
intermediate {RNAi) mutants. In contrast, it is not detected 
at levels above background in intermediate/strong and strong 
AG (RNAi) mutants (Fig. 30). 

Genetic Interference by CLV3 and API dsRNAs. We further assessed 
the effectiveness and specificity of dsRNA with the CLV3 and 
API genes. Plants with mutations in the CLV3 gene have 
enlarged meristems and extra floral organs, especially carpels 
(Fig. 4 C F, and I) (33). The majority of CLV3 (RNAi) mutants 
(89%, n = 121) have flowers with extra carpels (Fig. 4H); 
however, only 2% of those plants {n = 108) also have extra 



sepals, petals, and stamens (Fig. 4£). In addition, some CLV3 
(RNAi) mutant plants (26%, n = 121) have enlarged shoot apical 
meristems with distortions in phyllotaxy (Fig. 4B) and bifurca- 
tion, flattening, and broadening of the stem (data not shown). In 
contrast, only 1% (// = 176) of plants transformed with 
p35S::A-NOS::S for CLV3 have the extra carpel phenolype. c/vJ 
mutant phenotypes were not observed in transgenic plants 
containing the CLV3 antisense construct {n - 273). 

Mutations in ihtAPl gene result in homeotic alterations of the 
outer two whorls and a partial or complete conversion of a floral 
meristem into an inflorescence meristem (34, 35). In weak apl 
mutant alleles, the first and second whorls consist of mosaic 
sepaloid organs and staminoid petals, respectively (Fig. SB). In 
intermediate apl mutant alleles, flowers have leaf-like first 
whorl organs and leaf-like or staminoid second whorl organs 
(Fig. 5C). In strong apl mutant alleles, bract-like organs are 
produced in the first whorl and petals are usually absent in the 
second whorl (Fig. 5D). In addition, secondary flowers usually 
arise from the axils of the first whorl organs in flowers of 
intermediate and strong apl mutant alleles (Fig. 5 C and D). 
About 96% of transgenic plants (/i = 260) containing ih^APl 
dsRNA-expressing construct, p35S::A-GUS-S, produced flow- 
ers similar to those of apl mutant alleles (Fig. 5 E-H). Weak 
(Fig. 5£), intermediate (Fig. 5F), intermediate/strong (Fig. 5G), 
and strong (Fig. 5H) phenotypes were observed in 94, 1, 3, and 
2%, respectively, oiAPl {RNAi) mutants {n - 249). In contrast, 
transgenic plants containing the>4P7 construct in the antisense 
orientation (6%, n = 140) had very weak mutant phenotypes 
(data not shown). The API sense construct did not cause mutant 
phenotypes in transgenic plants {n = 62; data not shown). 

One CLV3 (RNAi) T, plant and 6 API {RNAi) Ti plants of 
variable severity were selfed to examine the inheritance of 
genetic interference (Table 2). The progeny from each selected 
plant showed similar seventy of phenotypes to those of the selfed 
parents, and the severity of phenotypes is constant between 
mutant siblings of each lineage. In addition, the progeny of API 
(RNAi) plants had 3:1 (mutant/wild type) segregation ratios, 
suggesting that each of the 6AP1 {RNAi) Ti plants contained one 
copy of the transgene. This result indicates that dsRNA- 
expressing constructs, which are integrated into the plant ge- 
nome, are stably inherited in a Mendelian fashion, and that the 
RNAi effect persists to, or recurs in, new generations of plants. 
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Fig. 5. Phenotypes of wiid-type, apl and API {RNAi) flowers. (A) Wild-type flower. (B) ap1~5 flower. (C) ap1-4 flower. (D) ap 7-7 flower. {E-hf) Flowers from 
weak (£). intermediate (f). intermediate/strong (G), and strong (H) API {RNAi) plants. Arrowheads indicate leaf- or bract-like first whorl organs. The numbered 
arrows indicate the primary (1), secondary (2). and tertiary (3) flowers. The black arrows in C and G indicate leaf-like or staminoid second-whorl organs. 
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Fig. 6. Effects of PAN dsRNA on crc-1 transgenic plants. {A and D) crc- 1 . (B and 
£) crc l pan-S and (C and F) crc-1; PAN {RNAi) flowers have extra organs and 
unfused gynoecia. 



RNA-Mediated Interference with PAW. Flowers of plants mutant for 
pan are characterized by an increase in the organ number in the 
first two whorls, and a decrease in the organ number in the third 
whorl. Mutant flowers usually have five sepals, five petals, five 
stamens, and two carpels (36). When introduced into wild-type 
plants, the dsRNA-ex pressing construct of FAN caused either 
no, or weak, extra organ phenotypes. Reverse transcription-PCR 
analysis showed that PAN mRNA was reduced by 30-90% in 
FAN (fiNAi) plants compared with wild-type plants (data not 
shown), suggesting that a small portion of PAN activity is 
sufficient for its function in wild-type plants. This hypothesis is 
consistent with results from previous immunohistochemical 
analysis showing that the mutant pan-] and pan'2 alleles, with 
high expressivity of the extra organ phenotype, are likely null 
alleles (30). 

Whereas flowers homozygous for strong mutant alleles show 
high penetrance of the extra organ phenotype, only the first few 
flowers from homozygotes of weak mutant alleles show the 
phenotype. However, both strong and weak pan alleles cause 
high penetrance of unfused carpel phenotypes in a crc-J genetic 
background (Fig. 6A,B, D, and E) (30, 44), suggesting that crc 
mutants provide a more sensitive background than wild type In 
which to observe phenotypic effects of FAN reduction-of- 
function mutations. Therefore, RNA-expressing constructs cor- 
responding to FAN were introduced into a crc- 1 homozygous 
background to further assess the potential of RNA-mediated 
interference with PAN, Similar to pan alleles, PAN ds'RNA- 
expressing constructs, p35S::A-GUS-S (87%, /i = 126) and 
p35S::A-NOS::S (27%, n - 66), caused extra organ number and 
unfused carpels in crc-1 (Fig. 6 C and F). Antisense (55%, n - 
76) and sense (33%, ^ - 6) sequences corresponding to FAN 
have similar RNAi effects as well (data not shown), suggesting 
that low levels of dsRNAs might be produced in such a case and 
weak interference with PAN activity is sufficient to confer an 
unfused carpel phenotype in crc-1. 

Discussion 

This study shows that dsRNA-mediated genetic interference can 
operate in A. thaliana to efficiently induce sequence-specific 
inhibition of gene function. Although the technique of RNA 
microinjection has been widely used in C elegans (13-15, 44), 
Drosophila (20, 21), and planarians (23), methods for RNA 
injection into zygotes of A. thaliana are not available. However, 
Agrohacterium-m^dk\\.td transformation provides a convenient 
and efficient method to introduce dsRNA-expressing constructs 
into the plant genome. Therefore, RNAi in transgenic plants is 
persistent and inherited instead of being transient and unstable 
as in RNA-injected animals (13-15, 20, 21, 23, 45) and transiently 
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transfected cells (22). In addition, inducible and tissue-specific 
promoters might be used to obtain regulated RNAi. 

In this study, two kinds of dsRNA-expressing constructs, 
p35S::A-GUS-S and p35S::A-NOS::S, were used to investigate 
RNAi effects. p35S::A-NOS::S is less potent at inducing genetic 
interference than p35S::A-GUS-S, perhaps because of unequal 
expression levels of sense and antisense RNAs by two promoters 
of different strength. The nopaline synthase promoter is much 
weaker than the 35S promoter, suggested by the observation that 
pNOS::A-GUS-S has weaker genetic interference than 
p35S::A-GUS-S. These results suggest that equal and high levels 
of both strands of each RNA in each cell are essential for 
inducing potent RNAi. If this is true, use of two strong promoters 
of similar strength should improve RNAi effects of dsRNA- 
expressing constructs in which sense and antisense RNAs are 
produced separately; however, use of two identical promoters in 
a construct should be avoided to prevent cosuppression (46). 

dsRNAs corresponding to four genes selected in this study 
caused potent and specific genetic interference, suggesting that 
dsRNA-niediated gene silencing can occur in the tissues where 
these genes normally function. In addition, a phenotypic series 
can be obtained from RNAi mutants. The fact that the severity 
of phenotypes varied between Ti individuals is possibly because 
of variable transgene copy number and/or positional effects of 
particular DNA insertion events. However, our results suggest 
that severity of phenotypes mAFl {RNAi) Ti plants is not related 
to the transgene copy number. 

CLV3 dsRNA seems predominantly to block gene function in a 
subset of the cells where it is normally expressed. CLV3 is expressed 
in the inflorescence and the floral meristems (28). Mutations in the 
CLV3 gene cause enlarged meristems and extra floral organs (33). 
About 89% of CLV3 {RNAi) plants have flowers with extra carpels 
but only 26% of CLV3 {RNAi) plants have enlarged inflorescence 
meristems. This result suggests a strong suppression of the CLV3 
gene function in the center of the floral meristem but less suppres- 
sion of its function in the inflorescence meristem. It is probably 
because of differential activity of the 35S promoter which drives 
expression of dsRNA in these tissues. It is also possible that some 
tissues could partially resist RNAi (25), or that some phenotypes 
(such as enlarged inflorescence meristems) are less sensitive to the 
level of gene activity. 

When used as controls for RNAi experiments, the sense and 
antisense constructs of PAN also had the ability to induce genetic 
interference in a crc-l homozygous background; so did the API 
antisense construct in wild-type plants. It has been suggested that 
low levels of dsRNA might be produced from transgenes that are 
designed to produce only antisense or only sense RNA, via the 
readthrough transcription from transgenes arranged as an in- 
verted repeat, or transcription from a transgene whose 3' end is 
adjacent to an endogenous promoter (19, 24, 25, 47). Alterna- 
tively, it seems possible that cellular RNA-dependent RNA 
polymerase could be involved in the conversion of single- 
stranded RNA to dsRNA in a cell-specific manner, suggested by 
the cloning and in vitro catalytic analysis of an RNA-dependent 
RNA polymerase from tomato (25, 48). 

In situ hybridization revealed a correlation between decreas- 
ing levels of AG mRNA accumulation and increasing severity 
of phenotypes in AG {RNAi) plants, suggesting that the 
mechanism blocking mRNA accumulation could be responsi- 
ble for dsRNA interference. This result is consistent with 
previous findings that endogenous mRNA is a target of dsRNA- 
mediated genetic interference (13, 14, 22, 23). In addition, a 
recent report of isolation of an RNaseD homolog from C. elegans 
mutants which are resistant to RNAi suggests that RNAi works 
by dsRNA-directed, enzymatic RNA degradation (49). 

Whatever the mechanism by which RNAi acts to reduce 
specific mRNA levels, the experiments described here show that 
it is a useful method for determining the ioss-of-function phe- 
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notypes of genes involved in development and meristem activity 
in A. thaUana. 
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Summary 

Using a recombinant potato virus X (PVX) vector, we investigated the relationship between the length of 
RNA sequence identity with a transgene and the ability to promote post-transcriptional gene silencing 
(PTGS) and transgene methylation. The lower size limit required for targeting reporter transgene mRNA 
de novo using PTGS was 23 nucleotides (nt) of complete identity, a size corresponding to that of small 
RIMAs associated with PTGS in plants and RNA interference (RNAi) in animals. The size and sequence 
specificity were also explored for PTGS*associated transgene methylation and for the targeting of the 
vector RNA. The PTGS-competent short sequences resulted in similar patterns of methylation. In all 
cases, including specific sequences of 33 nt with or without symmetrical cytosine residues, the 
methylation was distributed throughout the transcribed region of the transgene. In contrast, short 
sequences lacking symmetrical cytosines were less efficient at promoting PTGS of the transgene mRNA. 
Short gfp sequences in the PVX vector provided as effective a target for the degradation of viral RNA as 
was found for PVX carrying the complete gfp cDNA. Short sequences were able to initiate PTGS of an 
endogenous gene, phyotene desaturase, although this occurred in the absence of DNA methylation. This 
experimental approach provides important insights into the relationship between short RNA sequences 
and PTGS. 

Keywords: post-transcriptional gene silencing, methylation, transgenes, homology, minimal size, small 
RNAs. 



Introduction 

Post-transcriptional gene silencing (PTGS) is based on a 
homology-dependent degradation of RNA in the cyto- 
plasm. The target RNA may be derived from transgenes, 
endogenous genes or viruses. Although originally identi- 
fied in plants as the underlying mechanism obtained from 
the transgenic expression of virus-derived sequences, 
PTGS is now recognized as a fundamental process related 
to a wide range of eplgenetic phenomena (reviewed by 
Depicker and Van Montagu, 1997; Fagard and Vaucheret, 
2000; Plasterk and Ketting, 2000; Stam etaL, 1997; Van den 
Boogaart etat,, 1998). It is also apparent that PTGS is not 
restricted to plants, being mechanistically related to quell- 
ing in Neurospora (Cogoni and Macino, 1999; Cogoni etal., 
1996) and RNAi in Caenorhabditis elegans (Fire etal., 
1998); Escherichia coli (Tchurikov etal., 2000); DrosophUa 



melanogaster (Kennerdell and Carthew, 1998; Misquitta 
and Peterson, 1999); fish (Wargelius etal., 1999; Yx etal., 
2000); and mammals (Wianny and Zernicka-Goetz, 2000). 
Particularly compelling is the involvement of homologous 
genes in Neurospora, C, elegans and Arabidopsis thaliana 
(Cogoni and Macino, 1999; Dalmay etal., 2000a; Mourrain 
etaL, 2000; Smardon etal., 2000) and the association of 
small RNAs with PTGS and RNAi in plants (Hamilton and 
Baulcombe, 1999) and Drosophila (Hammond ef a/., 2000; 
Zamore etal., 2000), respectively. In plants, small RNAs 
were found associated with silenced transgenes and virus 
infection; small RNAs of the same size (21 and 23 nt) were 
shown to activate the homology-dependent degradation of 
target RNAs in cell free extracts of Drosophila embryos, 
and to generate further similar RNAs as products (Zamore 
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etaL, 2000). For plants, it was also proposed (Hamilton and 
Baulcombe, 1999) that these small RNAs might constitute 
cellular signals for the induction of PTGS, both locally and 
at more distal regions of the plant However, It has not 
been shown that such short lengths of RNA are capable of 
promoting PTGS-mediated targeting of homologous RNA 
de novo. 

The potential for RNA to Interact with genomic 
sequences has been shown (Wassenegger etaL, 1994), 
even when the RNA is generated outside the nucleus. 
Hence infection of transgenic plants with cytoplasmically 
replicating RNA viruses resulted in de novo methylation of 
the transgene if the viral RNA contained regions of 
homology with the genomic DNA (Jones etaL, 1998, 
Jones etaL, 1999). If the homology corresponded to the 
transgene promoter, transcriptional gene silencing 
ensued. Homology corresponding to the transgene 
mRNA sequence was associated with PTGS. In this case, 
methylation was restricted to the transcribed region, ]ouX 
spread beyond the initial region of homology (Jones etaL, 
1999). Although a tight correlation between methylation 
and PTGS has been shown (English etaL, 1996; 
Ingelbrecht etaL, 1994; Jones etaL, 1998; Sijen etaL, 
1996; Van Houdt etaL, 1997), the relevance of methylation 
for PTGS remains uncertain. It has been suggested, 
however, that methylation could be involved in the amp- 
lification and maintenance of transgene-mediated PTGS 
(Dalmay etaL, 2000b; Jones et^L, 1999). 

In this paper, we have used the ability of potato virus X 
(PVX) carrying sequences derived from the Aequoria 
victoria green fluorescent protein gene {gfp) to silence 



gfp expression in non-silenced gfp-transgenic Nicotiana 
benthamiana plants to assess the size and sequence 
requirements for promoting PTGS of gfp mRNA and 
transgene methylation. The data support the view that 
short homologous RNA sequences of 23 nt can target 
PTGS to gfp mRNA de novo, but that towards the lower 
size limits efficiency may be influenced by the sequence 
itself. 

Results 

Nucleic acid homology of 23 nt is sufficient to direct 
PTGS to, and de novo methylation of, a GFP transgene 

To determine the shortest homologous RNA sequence 
able to target PTGS to gfp mRNA, fragments of gfp DNA 
were cloned into a PVX cDNA vector and the virus 
inoculated to g/p-transgenic N. benthamiana. The gfp 
fragments, generated by DNasel digestion, were size 
selected (<100 bp) before cloning, and the resultant clones 
were sequenced. The orientation and origin of the frag- 
ments are shown in Figure 1(a). Surprisingly, there was a 
strong 3' bias in the source distribution of the cloned 
fragments, although there was an equal distribution of 
clones in the sense (S) and antisense (AS) orientations 
(Figure la). These cloned fragments were compared with 
PVX-GFP containing the complete gfp cDNA for their 
ability to direct silencing. The plants were scored visually 
for silencing of gfp expression 25 (Figure lb), 34 and 
41 days post-infection (dpi). Under UV illumination silen- 
cing was seen as the loss of green GFP fluorescence to 

Figure 1. Effect of random gfp fragments on 
directing silencing to gfp transgene mRNA. 

(a) Origin of random gfp DNAse I fragments 
of <100 nt inserted in the PVX vector for 
testing as promoters of gfp PTGS. Numbers 
indicate the size of the fragments. 
Sequences above the line were cloned in 
the S orientation, those below in the AS 
orientation. 

(b) Phenotypes of plants observed under 
UV illumination at 25 dpi with PVX-GFP, 
PVX (no insert), PVX-GFP28 (28 nt) or PVX- 
GFP27 (27 nt). 
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Table 1. Silencing of gfp with PVX containing 20-30 nt 
homology to three distinct regions of gfp DNA 



Size Nucleotide Sense Silencing 
p/p region (nt) position (S/AS) (+/-) 



+ 
+ 
+ 
+ 
+ 



27° 550-576 S + 

30" 550-579 AS + 

Region 3 20 746-765 AS 

22 746-767 S 

23 746-768 S + 
23 746-768 AS + 
27 746-772 AS + 
28" 74&-773 S + 
30 746-775 S + 
30 746-775 AS + 

"Sequences also tested fronn the preliminary random fragmen- 
tation of gfp. 



reveal red chlorophyll fluorescence (Figure lb). The range 
of fragments required to pronnote silencing showed a 
sharp cut-off in size, with fragments of 27 nt and larger 
being effective, but fragments of 16 nt and less being 
ineffective. Fragments in either sense or antisense orien- 
tation were effective. 

Although all fragments of 27 nt and larger were able to 
direct silencing, there was a marked difference in their 
relative effectiveness. In contrast to the response to PVX- 
GFP, which resulted in rapid and complete silencing (full 
red fluorescence) by 20 dpi, many of the smaller fragments 
took longer and showed a patchy silencing phenotype in 
the early stages of the infection. The largest variation was 
seen at 25 days (Figure lb) when comparing PVX-GFP27 
(27 nt), PVX-GFP28 (28 nt) and PVX-GFP (818 nt). Close to 
the minimal size for successful silencing, just a 1 nt 
difference in the length of homologous RNA had a 
dramatic effect on silencing efficiency. Eventually all the 
competent RNA fragments produced leaves showing an 
extensively red fluorescent phenotype. 

To obtain a more precise estimate of the size limit for 
silencing, a targeted approach was taken whereby nested 
synthetic oligonucleotides of 20, 23 27 and 30 nt to three 
different regions of gfp (nt 316-345, nt 550-579 and nt 746- 
775) were inserted into the PVX vector. In most cases 
insertions in both orientations were obtained. With the 
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contribution from the flanking nucleotides from the Smal 
cloning site, a range of gfp homologies of 20-30 nt 
resulted (Table 1). The recombinant PVX variants were 
inoculated onto A/, benthamiana and again scored for the 
initiation of silencing. After 45 dpi, silencing was seen 
when the homology was 23 nt or longer (Table. 1). There 
were two exceptions (PVX gfp homology 316-338 and 550- 
572 in the S orientation), which failed to initiate silencing 
despite having 23 nt gfp homology. However, close to the 
lower limit for silencing, homologous sequences in the AS 
orientation appeared to be more efficient (data not shown). 
No viruses with homologous sequences of less than 23 nt 
initiated gfp silencing. Consistent with the random 
approach, initiation of silencing was slower and patchy 
with the smaller fragments (data not shown). 

Surprisingly, one 27-mer flffp-specific oligonucleotide (nt 
746-772) did not initiate silencing (data not shown), even 
though it covered a 23 nt region (nt 746-768) which was 
competent for silencing (Table 1). However, sequencing of 
these 27 nt identified an error in the sequence which 
divided the 27 nt into 12 and 14 nt of identity with gfp. 

Previously, in the same experimental system (Jones 
eta/., 1999), we had shown that GFP-specific RNA in the 
PVX vector was able to direct methylation of the tran- 
scribed region of the gfp transgene, irrespective of 
whether the 5' or 3' regions of the sequence were used 
as inducers. To see whether the short gfp fragments 
retained their capacity as inducers of methylation, geno- 
mic DNA from completely silenced tissues of plants 
infected with PVX-GFP28 (288 nt), PVX-GFP43 (43AS nt) 
or PVX-GFP were subjected to analysis using Sau96\ and 
Southern blotting with the complete gfp cDNA, as before 
(Jones eta!., 1999). Sau96i, which has a recognition 
sequence GGNCC, is sensitive to methylation of canonical 
or symmetrical cytosine residues (CpG or CpNpG), or non- 
symmetrical G residues when the nt 3' to GGNCC is not a G 
residue. The organization of the 35S:gfp transgene, the 
location of restriction sites, and the sizes of digestion 
products of a non-methylated GFP transgene are shown in 
Figure 2(a). In non-silenced, infected tissue (Figure 2b, lane 
1) only the two major pfp-specific fragments of 0.56 and 
0.28 kb were detected. In contrast, in silenced, infected 
tissue additional fragments of 0.36, 0.84 and 1.3 kb were 
detected; the pattern of fragments was the same for all the 
samples (Figure 2b, lanes 2-4). This indicated a partial 
methylation at the three Sau96i sites internal to the gfp 
sequence, but no methylation at the flanking sites in the 
non-transcribed 35S and tnos portions of the transgenes. 
Incomplete RNA-directed methylation was also a feature of 
previous, related studies (Jones efa/., 1998, Jones efa/., 
1999). The complete digestion of the DNA with Sau96\ was 
confirmed by re-probing the Southern blot for hsp70 DNA, 
as shown by the detection of just a single 1.4 kbp band in 
all lanes (Figure 2c). 
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Rgure 2. Methylation associated with PTGS of gfp initiated using short, 
homologous gfp sequences. ' 
(a) Structure of the gfp transgene is shown as including the 35S 
promoter (358; open box), the chitinase endoplasmic reticulum targeting 
signal sequence (C), gfp coding sequence (solid box), and the nopatine 
synthase terminator (tnos). Sau9^ restriction sites and sizes of the 
expected digestion products in kilobases are shown below, 
(b.c). Southern blot analyses of genomic DNA samples from tissue 
infected with PVX, non-silenced leaves (lane 1). PVX-GFP silenced (lane 
2), PVX-GFP43 (43 nt gfp) silenced (lane 3), and PVX-GFP28 (28 nt gfp] 
silenced (lane 41 leaves of g//>-transgenic N. benthamiana plants. The 
same blot was probed sequentially with gfp (b) and hsp70 (c) cONAs. 
Sizes (In kilobases) of relevant DNA fragments are indicated. 



Table 2. Silencing of gfp with PVX containing oligonucleotides 
(33 nt| with or without symmetrical cytosine residues 



PVX- 


Nucleotide 


Polarity 


CNG 


Silencing 


Oligo 


position 


(S/AS) 


or CG 


(+/-} 


A 


786-818 


S 


No 


+ 


B 


786-818 


AS 


No 


+ 


C 


497-529 


AS 


No 




D 


508-540 


S 


Yes 


+ 


E 


508-540 


AS 


Yes 


+ 


F 


746-778 


S 


Yes 


+ 


G 


746-778 


AS 


Yes 


+ 


GFP28 


746-773 


S 


Yes 




GFP 


1-818 


S 


Yes 


+ 


PVX 


NA 


NA 


NA 





Canonical CpG and CpNpGp are not essential for de 
novo methylation for a GFP transgene 

The identification of short sequences capable of initiating 
PTGS allowed us to test the effect of specific RNA 
sequences for the capacity to induced methylation, par- 
ticularly to address the importance of canonical CpG or 
CpNpG residues. Unfortunately, the shortest competent 
fragment for silencing (23 nt) did not allow g/p-specific 
sequences completely devoid of C residues to be tested. It 
has been suggested that methylation of symmetrically 
located Cs may provide nucleation centres for the spread 
of methylation to adjacent non-symmetrical C residues 



(Finnegan etal., 1998). To test the significance of CpG or 
CpNpG for inducing methylation, two regions of gfp 
devoid of symmetrical C residues were identified, and 
corresponding S and AS synthetic oligonucleotides 
inserted into the PVX vector. The regions identified 
(Table 2) made it possible to use sequences of 33 nt, 
which had the advantage of increasing the efficiency of 
PTGS induction. Adjacent sequences containing symmet- 
rical C residues were tested in parallel (Table 2). 
Unfortunately, the sense oligonucleotide corresponding 
to gfp nt 497-529 was unstable in the PVX vector, and 
could not be analysed further. 

PVX-oligo-A to -G, PVX-GFP28, PVX-GFP and wild-type 
PVX were all agro-inoculated to gfp-N. benthamiana and 
scored for silencing after 25 days (Table 2). All the viruses 
carrying gfp sequences effectively initiated silencing. 
Although some constructs were more effective than others 
at 25 dpi, by 41 dpi the silencing from each construct was 
complete. This experiment was repeated five times using 
two plants per construct The least efficient initiators of 
silencing were always the oligonucleotides devoid of 
symmetrical C residues, irrespective of orientation. For 
reference, these were always weaker than PVX-GFP28 
(Figure lb). No correlation between the strength of silen- 
cing and the number of symmetrical C residues in the 
initiator sequence could be made. 

It was possible that the inefficient initiation of gfp PTGS 
by PVX-oligo-A to -C could be attributable to reduced 
transgene methylation as a result of triggering with a GFP 
fragment devoid of canonical cytosines. Hence genomic 
DNA isolated from fully PVX-oligo-silenced tissue at 22 dpi 
was digested with Sau9^ and analysed by Southern blot 
hybridization with a GFP probe to assess the extent of 
methylation. In this case Sau96i digestion gave fragments 
of 0.56, 0.37 and 0.28 kb for non-silenced samples (Figure 
3, lane 1), and additional fragments of 1.3 and 0.84 kb in 
silenced samples (Figure 3, lanes 2-9). Equivalent data 
were obtained using a second methylation-sensitive 
restriction enzyme, Alu\ (data not shown). Hybridization 
of the same blots with a probe for hsp70 confirmed that 
the pattern of fragments was not due to incomplete 
digestion of the DNA samples (data not shown). 

PTGS targeted to gfp using small oligonucleotides is able 
to target recombinant virus for degradation 

When PTGS is directed in a g/p-transgenic line by PVX- 
GFP, the strong silencing targets gfp mRNA and PVX-GFP 
RNA for degradation, and PVX-GFP is prevented from 
further accumulation (Ruiz etal., 1998). This effect is a 
combination of the strength of the PTGS response and the 
potential of PVX containing all the gfp cDNA to be seen as 
a target for degradation. Experiments involving transgenic 
plants displaying constitutive PTGS-based virus resistance 
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Figure 3. Methyiation associated with PTGS of gfp induced with 
recombinant PVX carrying specific gfp oligonucleotides. 
Southern blot analysis of genomic DNA samples from non-silenced 
tissues infected with PVX (no insert) (lane 1), and silenced tissues 
infected with PVX-GFP28 (28 nt; lane 2) or PVX-GFPo!igo-A to -G (lane 3- 
9). The blot was probed with gfp cDNA. Sizes (in kitobases) of relevant 
DNA fragments are indicated. 



have identified 60 nt as being the smallest region of 
homology able to tag a recombinant virus for degradation 
(Sijen etal., 1996). To determine if regions of homology of 
less than 60 nt were able to identify the recombinant PVX 
RNAs as targets in a de novo-directed PTGS system, and 
whether the canonical C content might influence the 
efficiency of targeting, GFP and PVX RNA levels were 
assessed in tissues silenced by PVX-GFP, PVX-GFP28 and 
PVX-oligo-A, -B, -D and -E (Table 2). Total RNA from 
infected, non-silenced tissue 14 dpi, and from silenced 
tissue 27 dpi, was subjected to Northern analysis usjng 
probes for PVX (Figure 4a) or gfp (Figure 4b) sequences. 
The PVX probe detected genomic and subgenomic RNAs 
for both PVX-GFP and PVX. The gfp probe detected gfp- 
transgene mRNA and PVX-GFP; PVX-GFP28 or PVX-oligo 
RNAs were not detected. The levels of PVX RNA, that 
accumulated in leaves of gfp-transgenic plants at 14 dpi, 
and in upper leaves at 27 dpi, are shown (Figure 4a, lanes 1 
and 2). As previously demonstrated for PVX-GFP (Ruiz 
etaL, 1998), the levels of viral RNAs in the silenced tissue 
at 27 dpi (Figure 4a, lanes 4, 6, 8, 10, 12, 14) were 
dramatically reduced compared to the non-silenced tissue 
at 14 dpi (Figure 4a, lanes 3, 5, 7, 9, 11, 13). The mobility 
shift of the subgenomic PVX RNA in Figure 4(a), lane 4, 
and the absence of hybridization with the gfp probe 
(Figure 4b, lane 4), indicates that residual PVX RNA in 
silenced tissue results from recombination. The absence of 
recombined PVX in tissues silenced using PVX-oligo 
suggests that the smaller inserted sequences reduce the 
propensity for recombination (Figure 4, lanes 5-14). This 
was confirmed by RT-PCR analysis of extracts of infected 
plants using primers that enabled the detection of 
recombinant and wild-type PVX (data not shown). When 
the 14 and 27 dpi RNA samples were analysed using the 




Figure 4. PTGS-mediated targeting of PVX RNA and gfp mRNA species. 
Northern blot analysis of samples from non-silenced (lanes 1, 2, 3, 5, 7, 
9, 11, 13) or silenced (lanes 4, 6, 8, 10, 12, 14) tissues infected with non- 
recombinant PVX (lanes 1 and 2), PVX-GFP (lanes 3 and 4), PVX-GFP28 
(lanes 5 and 6), PVX-oligo-A (S and lacking symmetrical C residues; lanes 
7 and 8). PVX-oligo-B (AS and lacking symmetrical C residues; lanes 9 
and 10), PVX-oIigo-D {S and with symmetrical C residues; lanes 11 and 
12) or PVX-oIigo-E (AS and with symmetrical C residues; lanes 13 and 
14), Non-silenced tissues were harvested at 14 dpi, except for the sample 
in lane 2, which was harvested with silenced tissues at 27 dpi. Total RNA 
(10 Hg) was probed for either (a) PVX-specific or (b) GFP-specific 
sequences. Equal gel loadings were confirmed by ethidium bromide 
staining of ribosomal RNAs (c). The positions of the genomic (g) and 
subgenomic (sg) PVX RNAs and the gfp transgene mRNA (GFP) are 
marked. 



gfp probe, the expected dramatic reduction in gfp mRNA 
levels was observed in silenced tissues (27 dpi; Figure 4b, 
lanes 4, 6, 8, 10, 12 and 14). Actually, gfp mRNA was 
reduced even at 14 dpi in tissues infected with PVX-GFP 
(Figure 4b, lane 3), indicating that the mRNA was more 
prone to degradation than the virus at this time. The equal 
loss of PVX-oligo-A, -B, -D and -E RNAs at 27 dpi showed 
that the content of symmetrical cytosine residues had no 
influence on the mechanism of RNA targeting and deg- 
radation. The loss of these RNAs and PVX-GFP28 also 
showed that homology as short as 28 nt was sufficient to 
provide an effective target. 

PTGS of an endogenous gene using short regions of 
homology 

To determine whether PTGS of an endogenous gene could 
be initiated by short regions of homology in PVX, 
oligonucleotides were designed to different regions of 
the endogenous phytoene desaturase gene (pds). This is a 
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Table 3. Silencing of phytoene desaturase with PVX containing 
PDS-specific oligonucleotides 



r VA- 


Size 
(nu 


Nucleotide 
position 


Polarity 

fC/ACV 
lb/ AO/ 


Silencing 
\+/-) 


1 


34 


1326-1359 


S 




2 


34 


1326-1359 


AS 




3 


52 


1326-1381 


S 




4 


52 


1326-1381 


AS 


+ 


5 


33 


1498-1530 


S 


+ 


6 


33 


1498-1530 


AS 


+ 


7 


51 


1498-1548 


S 


+ 


8 


51 


1498-1548 


AS 


+ 


9 


34 


1639-1672 


S 




10 


34 


1639-1672 


AS 




PDS 


368 


1322-1690 


S 


+ 


PVX 


NA 


NA 


NA 





single-copy, low expressed gene in N. benthamiana which 
has been shown to be susceptible to virus-induced PTGS 
with a 368 bp fragment of the N. benthamiana pds gene 
(KuPDagai etal., 1995; Ruiz etaL, 1998). Silencing of pds 
causes suppression of carotenoid biosynthesis so that the 
affected plants become susceptible to photo-bleaching 
{Demmig-Adams and Adams, 1992). 

Recombinant PVX were constructed carrying pds S and 
AS oligonucleotides specific to different regions within the 
3' half of N. benthamiana pds (Table 3). The oligonucleo- 
tides, including the contribution from flanking nucleotides 
in the PVX cloning site, were either 33, 34, 51 or 52 nt, sizes 
that reproducibly gave strong silencing of the gfp trans- 
gene. The pds sequences were cloned In both orientations 
into the PVX vector and agro-inoculated onto N. benthami- 
ana. As a positive control, 368 bp of pds from N. 
benthamiana (corresponding to 1322-1690 nt of the 
tomato cDNA (Kumagai efa/., 1995; Pecker era/., 1992) 
was used. At 25 dpi plants were scored for the presence of 
photo-bleaching, indicative of silencing of PDS (Table 3). 
Unlike the situation with PVX-stimulated silencing of the 
gfp-transgene with sequences longer than 23 nt, not all the 
PVX-PDSoligo constructs were able to initiate silencing. 
Broadly, they fell into two classes: those that did, and 
those that did not cause photo-bleaching (Table 3). 
Sequences from the pds region including nts 1498-1548 
were effective irrespective of orientation, whereas the 
flanking regions were generally ineffective, the exception 
being AS oligonucleotide 4 (nts 1326-1381). Hence plants 
infected with PVX-PDSoligos -4 to -8 (Figure 5a, panels 4- 
8) all showed photo-bleaching, albeit to different degrees. 
Plants infected with PVX-PDSoligos1-3, 9 and 10 (Figure 
5a, panels 1-3, 9, 10) failed to show photo-bleaching, even 
after 45 d.p.i. 

The wide variation in phenotype (more-or-less photo- 
bleaching) amongst those sequences effective for pds 



silencing revealed some trends. Photo-bleaching was 
strongest when triggered by sequences in the AS rather 
than the S orientation (Figure 5a, compare panels 5 and 6; 
7 and 8, where 6 and 8 result from the action of AS pds 
sequences 6 and 8). This orientation bias was not observed 
with larger fragments of pds (Ruiz etaL, 1998), To confirm 
that the phenotype related to pds mRNA levels, RNA 
samples from photo-bleached leaves were subjected to 
semiquantitative duplex RT-PCR {Figure 5b). In compari- 
son with the relative accumulation of pds and ubiquitin 
mRNAs in non-silenced tissues infected with PVX (without 
PDS sequences), both PVX-PDSoligo-7 (S) and PVX- 
PDSoligo-8 (AS) infections led to a reduction (relative to 
ubiquitin) of pds mRNA. This was marginal for PVX- 
PDSoligo-7, but clear for PVX-PDSoligo-8. It also appeared 
that larger oligonucleotides (51-52 nt) were more efficient 
than smaller oligonucleotides (33-34 nt) at initiating silen- 
cing (Figure 5a, compare panels 2 and 4; 5 and 7; 6 and 8). 
However, in the case of PVX-PDSoligo-5 to -8 (Figure 5a, 
panels 5-8), which cover the same area of pds, the AS 
oligo-6 (33 nt; Figure 5a, panel 6) was more efficient than 
the S oligo-7 (51 nt; Figure 5a, panel 7). This indicates that 
orientation may have a stronger influence than size on the 
silencing of pds. 

We have previously demonstrated that de novo methy- 
lation is not associated with silencing of the endogenous 
gene rbcs (Jones efa/., 1999). To determine if the same 
was true of silencing triggered by PVX-PDS or a PVX- 
PDSoligo, DNA was isolated from pds silenced leaf tissue 
and analysed using methylation sensitive enzymes, 
H/ndlll, and Haelll. When probed with pds cDNA, there 
was an identical hybridization profile obtained for both 
non-silenced and silenced leaf tissue, indicating that de 
novo methylation is not associated with silencing of pds 
(data not shown). 

Discussion 

By using random fragments of gfp and gfp oligonucleo- 
tides in a virus vector, we were able to assess indirectly the 
influence of size and sequence on the capacity to direct 
PTGS de novo to gfp mRNA in gfp-transgenic plants. The 
shortest length of gfp homology with the ability to target 
silencing to gfp mRNA was 23 nt. This correlates well with 
the size of small RNAs associated previously with PTGS in 
plants (Hamilton and Baulcombe, 1999; although originally 
sized at «25 nt, improved techniques have provided a 
more accurate size assessment as 21 and 23 nt, unpub- 
lished data), and with the size requirement for RNAi in 
other systems. Fortuitously, the failure to observe silen- 
cing with the 27 nt with incomplete identity with gfp (due 
to the presence of a sequence error) showed that it was 
necessary for the short initiating sequence to have com- 
plete homology with the target. One likely consequence is 
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Rgure 5. Correlation of the pds-silenced 
phenotype with pds mRNA levels, 
{a) Phenotype PVX-PDSoligo-1 to -10 
infection on the upper leaves of N. 
benthamiana at 26 dpi in relation to that 
seen after infection with PVX-PDS or PVX 
(without insert). 

(b) Ethidium bromide-stained gel of 
products obtained after RT-PCR analysis of 
mRNAs from tissues infected with PVX, 
PVX-PDSoiigo-7 or PVX-PDSoligo-8. Three 
samples from each of three individual 
plants were analysed using primers for 
ubiquitin mRNA (lower band) and pds; a 
representative from each plant is shown. 
Control reactions with RNA isolated from 
PVX-infected tissue (non-siienced) were 
carried out separately using primers for 
ubiquitin (lane 1) and pds (lane 2). The 
corresponding bands were never seen in 
the absence of reverse transcriptase (lane 
3). The sizes (bp) of the markers (M) are 
indicated on the left of the gel. 

that the occurrence of PTGS will be determined by the 
presence or absence of stretches of 23 nt of Identity rather 
than by the mean (percentage) homology between inducer 
and target. 

The efficiency of initiation of silencing increased dra- 
matically when the size of the p/jp fragment was increased 
by only a few nt. This may reflect the increase in 
probability that the exact 23 nt of gfp would be generated 
by a processive cleavage of ds PVX-GFPFrag RNA, as 
proposed for the cleavage mechanism in Drosophila cell- 
free extracts. The lower size limit for PTGS initiation at 
23 nt not only provides evidence that they have the 
potential to act as signals for inducing PTGS, but also 
provides an experimental link between the physical iden- 
tification of small RNAs In plants and their function in 
Drosophila cell-free extracts. 

The quantitative nature of the silencing response with 
short homologous sequences has also been noted for 
RNAi In Trypanosoma brucei {Ngo etaL, 1998) and in 
Drosophila cell-free extracts (TuschI etal., 1999). In the 
former, 59 nt of homology induced mRNA degradation, 
but the effect was much stronger with 100-450 nt. In the 
cell-free extracts, weak RNA degrading activity was dir- 
ected by dsRNA of 149 nt of homology, but 505 nt was 
markedly stronger. Surprisingly, a 49 nt RNA was inactive 
(TuschI etal., 1999), although the 21-23 nt fraction purified 
following cell-free RNAi was active in targeting RNA I'n a 
new reaction (unpublished data in Zamore etaL, 2000). 

Logically, if short homologous regions are capable of 
inducing PTGS, we might expect them to be effective in 
targeting homologous RNA in the cytoplasm. Previously, 
Sijen etal. (1996) showed that as little as 60 nt homology 
between a recombinant PVX vector and a transgene could 
target the virus for degradation to give resistance. Our data 
show that the same effect can be achieved with just 28 nt 
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homology. In contrast, when silenced transgenes com- 
posed of fragments of the tomato spotted wilt virus 
(TSWV) N gene fused to gfp were analysed for their ability 
to target TSWV, resistance was seen only when >110 nt of 
N were present in the transgene (Pang eta/., 1997). In our 
experiments, the source of the 28 nt homology would be 
the sum of the RNA degradation products from the 
recombinant virus and the transgene mRNA, conceivably 
a higher dose than found in the other experimental 
system. 

We attempted to use short, homologous RNA sequences 
to silence an endogenous gene (PDS). While this was 
effective In some cases, particularly for sequences in the 
centre of the region analysed, the effect was not reprodu- 
cible even when 51-52 nt fragments were used. As for the 
shorter gfp homologous sequences, effectiveness was 
also variably Influenced by sequence orientation. The 
reason for this is unknown when the likely source of 
the PTGS inducer is viral dsRNA. However, analysis of the 
silenced plants reinforces the view that there is a funda- 
mental difference between endogenous genes and trans- 
genes in the interaction of cytoplasmically derived RNA 
and genomic DNA, reflected in their methylation status in 
silenced tissues. There was no de novo methylation of pds. 

As silencing directed by recombinant RNA viruses 
probably has the capacity to trigger the degradation of 
existing homologous mRNAs in the cytoplasm, we could 
not determine with certainty whether the short sequences 
we tested could interact directly with genomic DNA, 
potentially to direct de novo methylation. However, the 
influence of symmetrical C residues on the efficiency of 
PTGS might Indicate a direct Interaction from the input 
recombinant virus. Also, it is clear from the RNA-directed 
methylation of transgenic virold sequences {Pellssier and 
Wassenegger, 2000) that short homologous DNA 
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sequences (30 bp) can be invoked as targets for methyla- 
tion. Why we found that PVX-GFP28 (28 nt gfp) led to DNA 
methylation, but PVX-PDSoligo-6 (33 nt pds) did not, even 
though both infections initiated silencing, remains to be 
determined. However, It would appear that the plant can 
distinguish between a transgene and an endogenous gene 
as substrates for RNA-directed methylation. Surprisingly, 
PTGS induced by ds viral RNA carrying a very short 
homologous region led to methylation throughout the 
transcribed region of the transgene. Since the transgene 
mRNA appeared to be more susceptible than the viral RNA 
to targeted degradation (Figure 4b), it is conceivable that it 
could act as the primary target in the cytoplasm of the 
short region of sequence homology from the virus. The 
processive degradation of the target mRNA (Zamore ef a/., 
2000) could release further gfp fragments that additively 
direct methylation throughout the transcribed region of 
the transgene. This can also lead to subsequent targeting 
of RNAs with homology to adjacent regions (Jones etal., 
1999; Ruiz efa/., 1998). Whether methylation is just an 
indicator of this capacity for spreading the PTGS specifi- 
city, or whether it is an active component, remains a key 
question. 

Experimental procedures 

Plant material 

Transgenic Nicotiana benthamiana plants (line 16c> carrying a 
single 35S:;gfp::tnos transgene have been described previously 
(Ruiz etal., 1998). 

Recombinant PVX viruses 

Fragments of GFP5 (Haseloff etal., 1997) DNA were generated by 
limited DNasel digestion in the presence of Mn^* (Melgar and 
Goldthwait 1968). The digested DNA was size-fractionated in a 
1.5% agarose gel and fragments of <100 bp cloned into the Smal 
site of a PVX vector (pGR107; Jones etal., 1999), adjacent to a 
duplicated subgenomic coat protein promoter. Cloning synthetic 
oligonucleotides into the Sma\ site similarly generated other 
recombinant PVXs. In determining the precise size of the gfp- 
homologous sequence in the PVX vector, the contribution of the 
sequences comprising the Smal cloning site were also taken into 
account. The vector pGR107 expresses an infectious PVX RNA 
from a CaMV 358 promoter after introduction into plant cells 
using Agrobacterium tumefaciens pGV3101 stab inoculation 
Cagro-inoculation'). PVX-GFP contained a full-length gfp cDNA 
cloned into the Smal site (Ruiz etal., 1998). PVX-PDS similarly 
contained a 368 bp fragment of N. benthamiana pds cDNA (Ruiz 
etal., 1998). Varying numbers of plants {three to ten) were agro- 
inoculated with the PVX constructs discussed in the text. Without 
exception, all plants infected with the same construct gave a 
consistent phenotype (either they did or did not initiate silencing). 

GFP imaging 

Observation and photographic recording of GFP fluorescence was 
as previously described (Voinnet etal., 1998). 



Southern blot analysis 

Genomic DNA was extracted from leaves using the 'DNAeas/ kit 
(Qiagen, Chatsworth, CA, USA) according to the manufacturer's 
instructions. DNA digestion with methylation-sensitive restriction 
enzymes and gel-blot analysis was as described (Jones efa/., 
1998). ^^P-labelled hybridization probes corresponded to the 
entire gfp sequence, a 368 bp N. benthamiana pds cDNA 
fragment or 450 bp of the N. benthamiana heat-shock protein 70 
(hsp70} cDNA. 



RNA extraction and analysis 

Total RNA was extracted using RNA isolator (Genosys 
Biotechnologies Inc., The Woodlands, TX, USA) following the 
manufacturer's instructions. RNA electrophoresis and gel-blot 
analysis were performed as described previously (Jones etal., 
1998) and hybridized with gfp and PVX probes. For semiquanti- 
tative RT-PCR analysis, three leaves showing the pds silenced 
phenotype were sampled from each of three individual plants 
infected with either PVX-PDSOIigo-7 or -8, or from similarly aged 
leaves infected with PVX. Poly(A)+ RNA was isolated from 10 \ig 
total RNA using Dynabeads (Dynal AS, Oslo, Nonway) as per the 
manufacturers instructions. cDNA was synthesized using Expand 
reverse transcriptase (Roche Diagnostics GmbH, Mannheim, 
Germany), and used in a duplex PGR reaction containing 
oligonucleotides specific for amplifying ubiquitin and pds 
mRNAs. Semi-quantitative PGR of cDNA derived from the equiva- 
lent of 1 ^g of total RNA was performed using the following 
conditions: 95°C/5 min for 1 cycle, 95°C/30 sec, 55°C/1 min, 72°C/ 
1 min for 22, 26 or 30 cycles and 72^G/10 min for 1 cycle, for each 
sample. The linear phase of DNA amplification (26 cycles) was 
determined by electrophoresing the PGR products on a 1.5% 
agarose gel. The pds oligonucleotides were designed to detect 
pds mRNA and not the pds sequences within PVX- 
PDSOIigo-7 or -8. 
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Summary 

The MEA Polycomb gene is imprinted in the Arab/dop- 
sis endosperm. DME DNA glycosylase activates ma- 
ternal MEA allele expression in the central cell of the 
female gametophyte, the progenitor of the endo- 
sperm. Maternal mutant dme or mea alleles result in 
seed abortion. We identified mutations that suppress 
dme seed abortion and found that they reside in the 
MET1 methyltransferase gene, v/hich maintains cyto- 
sine methylation. Seeds with matemat dme and metl 
alleles survive, indicating that suppression occurs in 
the female gametophyte. Suppression requires a mater- 
nal wild-type MEA allele, suggesting that MET1 func- 
tions upstream of, or at, MEA, DME activates whereas 
MET1 suppresses maternal MEA::GFP allele expres- 
sion in the central cell. MET1 is required for DNA meth- 
ylation of three regions in the MEA promoter in seeds. 
Our data suggest that imprinting is controlled in the 
female gametophyte by antagonism between the two 
DNA-modifying enzymes, MET1 methyltransferase 
and DME DNA glycosylase. 

Introduction 

Imprinting results in genes being expressed or silenced 
according to their parental origin (Ferguson-Smith and 
Surani, 2001; Reik and Walter, 2001). Imprinting occurs 
in mammals and plants and plays an important role in the 
reproductive strategies of both groups (Moore, 2001). In 
mammals, many of the imprinted genes control prenatal 
grovrth (Tycko and Morison, 2002); they are expressed 
in the extraembryonic membranes that serve as a con- 
duit for the flow of nutrients from the mother to the 
embryo (Reik and Walter, 2001). In plants, the endo- 
sperm performs a similar function and is also a critical 

•Correspondence: rfischer@uclink.berkeley.edu 



site for gene imprinting (Martienssen, 1998; Moore, 
2001). Although some imprinted genes are essential for 
plant reproduction (Gehring et al., 2003), little is known 
about how imprinting is initiated and maintained in 
plants. 

In mammals, one of the mechanisms of gene im- 
printing involves differential 5-cytosine methylation of 
alleles during gametogenesrs that is then transmitted to 
the embryo (Ferguson-Smith and Surani, 2001; Li, 2002; 
Reik and Walter, 2001). In plants, DNA methylation is 
also responsible, at least in part, for many epigenetic 
phenomena (Martienssen and Colot, 2001). These in- 
clude transcriptional silencing of transposons, trans- 
genes, and pathogen DNA, as well as the silencing of 
genes that control flowering time, floral organ identity, 
fertility, and leaf morphology (Finnegan et al., 1996; Ja- 
cobsen et al., 2000; Kakutani et al., 1996; Miura et al., 
2001 ; Soppe et al., 2000). DNA methyltransferases have 
been identified that establish and maintain patterns of 
symmetric (CpG and CpNpG) and asymmetric (CpNpN) 
cytosine methylation in the plant genome (Cao and Ja- 
cobsen, 2002a, 2002b; Finnegan and Dennis, 1 993; Lind- 
roth et al., 2001). This methylation is intimately related 
to histone modifications, chromatin remodeling, and the 
accessibility of DNA to transcription factors (Jackson et 
al., 2002; Johnson et al., 2002; Martienssen and Colot, 
2001; Soppe et al., 2002). Genetic crosses between 
plants with wild-type and hypomethylated genomes 
suggest that DNA methylation is necessary for endo- 
spenn development and seed viability (Adams et al., 
2000). However, the role that DNA methylation plays in 
the imprinting of specific genes has not yet been estab- 
lished. 

The endosperm and embryo of flowering plants are 
derived from two fertilization events that occur in the 
female gametophyte. In Arabidopsis, a haploid mega- 
spore undergoes three mitotic divisions to form an eight- 
nucleus, seven-cell female gametophyte containing the 
egg. central, synergid, and antipodal cells; the fusion of 
two haploid nuclei makes the nucleus of the central cell 
diploid. Fertilization of the egg cell by a spenn cell gives 
rise to a diploid embryo that ultimately generates the 
organs, tissues, and meristems of the plant. Fertilization 
of the central cell by a second sperm cell generates the 
triploid endosperm that supports embryo or seedling 
grov\rth and development by producing storage proteins, 
lipids, and starch, and by mediating the transfer of ma- 
ternal-derived nutrients to be absorbed by the embryo 
(Brown et al., 1999). 

The MEDEA {MEA) gene is imprinted in the Arabidop- 
sts endosperm. Only the matemal MEA allele is expressed 
(Kinoshita et al.. 1999; Luo et al., 2000; Vielle-Calzada 
et al., 1999). MEA encodes a SET domain Polycomb 
group protein (Grossniklaus et al., 1998; Kiyosue et al., 
1 999; Luo et al., 1 999). Polycomb group proteins repress 
gene transcription by remodeling chromatin at specific 
regions within the genome (Francis and Kingston, 2001). 
MEA prevents the onset of central cell proliferation prior 
to fertilization, represses endosperm growth after fertil- 
ization, and represses gene expression in the female 
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Figure 1 . Effect of dme and dme Suppressor 
Mutations on Seed Viability 
Sitiques were dissected and photographed 
14 days after self-pollination. The scale bars 
represent 0.5 mm. Arrows indicate at>orted 
seeds. Siliques shown in (D) and (E) were Fi 
progeny from a self -pollinated plant hetero- 
zygous for DME/dme-1 and heterozygous for 
the dme suppressor (line 1424 described in 
Experimental Procedures). 

(A) Wild-type slllque. 

(B) Heterozygous DME/dme-1 silique. 

(C) Silique is heterozygous for DME/dme-l 
and heterozygous for the dme suppressor 
mutation, 

p) Silique Is heterozygous for DME/dme-1 
and homozygous for the dme suppressor mu- 
tation. 

(E) Silique is homozygous for the dme sup- 
l^ressor mutation. 



gametophyte and seed (Chaudhury et al., 1997; Kiyosue 
et al., 1999; Kohler et al., 2003). Because MEA is an 
essential imprinted gene, loss-of-function alleles have 
parent-of-origin effects on seed viability. A seed that 
inherits a mutant maternal mea allele aborts regardless 
of the genotype of the silent patemal allele (Chaudhury 
et al., 1997; Grossniklaus et al., 1998; Kiyosue et al., 
1999). 

The DEMETER {DMEj gene is necessary for matemal 
MEA allele expression in the Arabidopsis central cell 
and endospenn (Choi et al., 2002). As a result, seed > 
viability depends only on the maternal DME allele, and 
seed abortion results from matemal inheritance of a 
mutant dme allele regardless of the genotype of the 
patemal DME allele. DME is primarily expressed in the 
central cell of the female gametophyte where it is re- 
quired to activate expression of the matemal MBA allele. 
MEA expression persists after the central cell is fertilized 
to form the endosperm, even though DME does not. 
Ectopic DME expression in cautlne leaves and in endo- 
spemn activates MEA and patemal MEA allele expres- 
sion, respectively, suggesting that differential expres- ' 
sion of DME in matemal (expressed) and patemal (not 
expressed) reproductive organs is responsible, at least 
in part, for imprinting MEA in the endosperm. 

DME encodes a large protein with DNA glycosylase 
and nuclear localization domains (Choi et al., 2002). 
Most DNA glycosylases function in a base excision DNA 
repair pathway that excises damaged, modified, or mis- 
paired bases, nicks the DNA, and replaces the abasic 
sites with normal bases (Bruner et al., 2000; Jiricny, 
2002). Ectopic expression of DME in caullne leaves 
causes single-stranded breaks in the MEA promoter, 
consistent with its DNA glycosylase function and with 
the view that DME acts directly on MEA (Choi et al., 
2002). Mutagenesis of a conserved aspartic acid to as- 
paragine in the putative DME glycosylase catalytic site 
abolishes the ability of the mutated DME transgene to 
complement a dme mutation (Y.C. and R.L.F., unpub- 
lished results). This further supports the idea that DME 
is a DNA glycosylase. The mechanism used by DME to 
regulate the transcription of the matemal MEA allele 
transcription is unknown. 



We isolated four mutations that suppress dme-medi- 
ated seed abortion to understand how MEA gene im- 
printing is regulated. Map-based cloning revealed that 
all four mutations represented distinct lesions in the 
MET1 gene (mef 7-5 to metl-S), MET1, an Arabidopsis 
ortholog of the mammalian Dnmtl methyltransferase 
gene, maintains cytosine methylation at CpG sites (Fin- 
negan and Dennis, 1993; Kishimoto et al., 2001; Lindroth 
et al., 2001) and indirectly influences methylation at 
CpNpG and CpNpN sites (Cao and Jacobsen, 2002a). 
Inheritance of a matemal metl mutant allele by a female 
gametophyte was sufficient for complete suppression 
of dme-mediated seed abortion, whereas inheritance of 
a patemal metl mutant allele had little or no effect 
Suppression of dme by metl mutations requires a ma- 
ternal wild-type MEA allele, suggesting that mef7 muta- 
tions act upstream of MEA to rescue dme seed viability. 
Matemal MEA::GFP allele transcription in the central cell 
and endosperm, prevented by a matemal dme mutant 
allele, is fully restored when matemal dme and metl 
mutant alleles are inherited together. Bisulfite sequenc- 
ing experiments revealed three regions of cytosine 
methylation in the MEA promoter that are hypomethyl- 
ated in met 7 mutant seeds. These results suggest that 
DNA methylation plays an important role in the control 
of MEA imprinting and seed viability, and that these 
processes are controlled by antagonism between MET1 
and DME enzymes in the female gametophyte. 

Results 

Identification of Mutations that Suppress 
d/ne-Mediated Seed Abortion 

We mutagenized DME/dme heterozygous seed and 
identified four mutant lines that suppressed dme-medi- 
ated seed abortion (see Experimental Procedures). 
Whereas seeds from wild-type plants rarely abort (Figure 
1A), self-pollinated heterozygous DME/dme-1 siliques 
(Figure 1 B) have a 1 :1 segregation ratio of viable and 
nonviable seeds (272:250, = 0.9, P > 0.4) because 
inheritance of a matemal mutant dme allele is sufficient 
to cause seed abortion (Choi et al., 2002). By contrast, 
plants heterozygous ior DME/dme-1 and heterozygous 
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Figure 2. dme Suppressor Mutations Reside 
in the MET1 Gene 

(A) Map-based cloning of a dme suppressor 
mutant allele. The position of the METI gene 
relative to SSLP molecular nnarkers, and the 
number of recombinants between the dme 
suppressor (mef 7-5) and molecular markers, 
are shown. 

(B) Position of metl alleles relative to con- 
served domains in the METI protein. The 
METI amino-terminal regulatory domain in- 
cludes a nuclear tocalization signal (NLS), a 
sequence for targeting METI enzyme to DMA 
replication foci, a plant-specific acidic region 
of glutamic and aspartic acid residues, and 
lysine/glycine repeats by which the regula- 
tory domain is fused to the catalytic domain. 
The catalytic domain has eight of ten con- 
served motifs found in prokaryotic DNAmeth- 
yttransf erases (Posfai et al., 1 989). The codon 
(UGG) for tryptop)han at position 436 was mu- 
tated to a stop codon in the metl-S (UAG) 
and metl -8 (UGA) mutant alleles, metl -5 and 
met1-7 missense mutations altered the 
amino acid sequence in conserved motifs Vllt 
and IX, respectively. 

(C) Comparison of motif VIII and motif IX do- 
mains among DNA methyttransferases. The 
positions of the metl -5 and met 7-7mutations 
in the conserved motifs are shown. M. Hhal, 
Haemophilus haemofyticus methylase (Gen- 
Bank accession number P05102); MTase, 
Bacillus subtilis phages (^3T DNA methyl- 
transferase (accession number CTBPPT); 
MmDnmtl , Mus musculus DNA methyttrans- 
ferase 1 (accession number PI 3864); 
HsDNMTi , Homo sapiens DNA methyltrans- 
ferase 1 (accession number NP_001370); 

API 39372). 

from seedlings and digested with Hpall, blotted, 
et al., 2003). Seedlings were homozygous for the 



for its suppressor have a 3:1 segregation ratio of viable 
and nonviable seeds (Figure 1 C; 1 84:63, = 0.03, P > 
0.85). Seed abortion was completely suppressed in 
plants heterozygous for DME/dme-1 and homozygous 
for its suppressor mutation (Figure ID; 2 aborted seeds 
among 231 checked), as well as in control plants homo- 
zygous for the wild-type DME allele and the dme sup- 
pressor (Figure 1 E; 1 aborted seed among 1 35 checked). 
Mapping experiments showed that the dme suppressor 
mutations are near the bottom of chromosome 5 (Rgure 
2A) and are therefore genetically unlinked to DME, which 
is located near the top of chromosome 5. These results 
show that second-site suppressor mutations compen- 
sated for loss-of-function mutations in the maternal dme 
allele and restored seed viability. 

dme Suppressor Mutations Are Loss-of-Function 
metl Alleles 

High-resolution gene mapping experiments showed that 
a dme suppressor mutation resides in a 0.6 Mb region 
spanning the METI gene (Figure 2A). METI is an Arabi- 
dopsis ortholog of mammalian Dnmtl methyltransf er- 
ase, which maintains methylation at CpG sites (Finnegan 
and Kovac, 2000). Certain phenotypes associated with 
homozygous dme suppressor plants (e.g., late flowering 



and abnormal patteming of floral organs) were similar 
to those observed in transgenic plants bearing an anti- 
sense METI gene (Finnegan et al., 1996; Ronemus et 
al., 1996), suggesting that dme suppressor mutations 
might reside in the METI gene. We determined the se- 
quence of the METI gene in all four mutant lines and 
found that each line harbored a lesion in the METI gene 
(Figure 2B). These new metl alleles are distinct from 
those previously reported (Kankei et al., 2003; Saze et 
al., 2003), and are designated mef 7-5 to metl -8, 

In eukaryotes, METI and METI -related proteins have 
an amino-terminal putative regulatory domain and a car- 
boxy-terminal catalytic domain (Finnegan and Kovac, 
2000; Posfai et al., 1 989). The met 7-6 and mef 7-8 alleles 
represent base pair changes that generate a stop codon 
at amino acid 436 in the METI polypeptide (Rgure 2B). 
These alleles are likely to be null alleles, as the truncated 
polypeptide encoded by the metl -6 and met1-8 alleles 
lacks a large portion of the putative regulatory domain 
as well as the entire catalytic domain. The metis and 
met1'7 alleles have base pair changes that alter single 
amino acids residing in catalytic domain motifs that 
are conserved in prokaryotic and eukaryotic cytosine 
5-methyltransferases (Figures 2B and 2C). It is likely that 
these amino acids are critical for METI enzyme activity, 
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as met1-5 and met1~7 suppress cfme-mediated seed . 
abortion to the same extent as null alleles metl-S and 
met 1-8 (data not shown). 

Plants homozygous for mutations in the MET1 gene 
display DNA hypomethylation (Kanke! et al., 2003; Saze 
et at., 2003). As shown in Figure 2D, the 1 80 base pair 
repeated centromere DNA from wild-type and homozy- 
gous dme- 1 mutant plants is highly methylated and can- 
not be cleaved by the methylation-sensitive restriction 
endonuclease HpalL By contrast, these centromeric re- 
peats are hypomethylated in the genome of homozy- 
gous metis or met 7-6 plants, as well as in plants homo- • 
zygous for both dme-l and metl alleles (Figure 2D). 
Thus, full suppression of d/ne-medlated seed abortion 
is associated with missense and nonsense mutations 
that cause DNA hypomethylation. 

Distinct Developmental Abnormalities in Plants 
with Mutant dme and metl Alleles 
Both DME and MET1 are required for stable, reproduc- 
ible patterns of floral and vegetative development (Choi 
et al., 2002; Finnegan and Kovac, 2000), Homozygous 
dme-l or metl plants, as well as antisense MET1 trans- 
genic plants, display sporadic developmental abnormal- 
ities (Choi et al., 2002; Finnegan et al., 1996; Kakutani 
et al., 1996; Kankel et al., 2003; Ronemus et al., 1996). 
Plants homozygous for both dme-l and metl -6 mutant 
alleles have distinctive sporadic phenotypes. For exam- 
ple, homozygous dme-l metl -6 mutant siliques were 
sometimes distended (Figure 3A), and ovules appeared 
to be converted to leaf- like organs (Figure 3B) or carpel- 
like organs tipped with stigmatic papillae and connected 
by a funiculus to the placenta (Figure 3C). Sometimes 
a single flower (Figure 3D) or influorescence shoot (Rg- 
ure 3E) emerged from a homozygous dme-1 metl -6 
silique. In the extreme cases, the pattern of producing 
flowers in siliques was reiterated multiple times (Figure 
3F), These sporadic phenotypes increased in frequency 
with each generation, were detected in about 15% of 
the Fa homozygous dme-1 metl-6 plants, and were not 
observed in control homozygous F3 dme-l or F3 metl -6 
plants. Analysis of subsequent generations was not pos- 
sible because F3 homozygous dme-1 metl -6 plants are 
sterile, these distinct mutant phenotypes suggest a ge- 
netic interaction between DME and MET1 is necessary 
to generate stable, reproducible patterns of floral and 
vegetative development 

Maternal metl Allele Suppresses dme-Mediated 
Seed Abortion 

Inheritance of a matemal DME allele is vital for seed 
viability, while a paternal DME allele is dispensable (Choi 
et al.. 2002). As a result, DME/dme-1 heterozygous 
plants pollinated with wild-type pollen produce siliques 
with a 1 :1 segregation ratio of viable and aborted seeds 
(Choi et al., 2002) and essentially all of the viable Fi 
progeny inherit a matemal wild-type DME allele (Table 
1). By contrast, DME/dme-1 MET1/met1-6 plants polli- 
nated with wild-type pollen generate siliques with a 3:1 
ratio of viable to aborted seeds (140:44, 0.1, P > 
0.8). All viable F, progeny that inherited a matemal mu- 
tant dme-1 allele also inherited a maternal mutant 
metl -6 allele (Table 1), indicating that dme-1 metl -6 




Figured. Developmental Abnormalities in Homozygous dme-1 
met1-6 Plants 

Heterozygous DME/dme-1 MET1/met1-€ plants were setf-polli- 
nated, F, homozygous dme-1 metl -6 plants were self-pollinated, 
and phenotypes of homozygous dme-l metl -6 plants were ana- 
lyzed. 

(A) Siliques from wild -type and homozygous dme-1 met 1-6 plants, 
wt, wild-type. The scale bar represents 2 mm. 

(B) Dissected homozygous dme-1 met1~€ silique showing ovule 
converted to leaf-like (lei) structures connected by a funiculus (0 to 
the placenta. The scale bar represents 0.5 mm. 

(C) Scanning electron micrograph of homozygous dme-1 metl -6 
ovules converted to leaf -like structures with stigmatic papilla (sp). 
The scale bar represents 50 pjn. 

p) Rower (fl) emerging from a mature homozygous dme-1 metl -6 
silique (si). The scale bar represents 2 mm. 

(E) Influorescence shoot (in) with cauline leaves (cl) and flowers (fl) 
emerging from a mature dme-1 metl-6 silique (si). The scale bar 
represents 2 mm. 

(F) Generation of primary (1°sO, secondary {2°sl), and tertiary (S^sl) 
siliques in a dme-1 metl-6 homozygous plant. The scale bar repre- 
sents 2 mm. 



female gametophytes pollinated with wild-type pollen 
produce viable seed. We observed a 1:1:1 segregation 
ratio of viable progeny with cfme-7 metl-6, DME metl-6, 
and DME MET1 matemal alleles (Table 1; = 4.8, P > 
0.1), showing that pollinated dme-1 metl-6 and DME 
metl-6 female gametophytes produced equal numbers 
of viable seeds. Thus, mef 7-6 is a fully penetrant sup- 
pressor of dme in the female gametophyte. 

A recessive mutation in the DECREASE IN DNA 
METHYLAV0N1 (DDM1) gene, ddm1-2, encoding a 
chromatin-remodeling SWI2/SNF2-like protein (Jedde- 
loh et a!., 1 999), also causes genome hypomethylation. 
When DME/dme- 1 DDMI/ddm 1-2 plants were self-polli- 
nated, we observed siliques with a 1:1 ratio of viable to 
aborted seeds (742:716, = 0.46, P = 0.5), suggesting 
that the ddm1-2 mutation did not suppress dme-medi- 
ated seed abortion. These results show that the genetic 
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Table 1. Effect of a Matemal metl Allele on Transmission of Maternal dme and mea Mutant Alleles 



Genetic Cross , Matemal Alleles of Viable Seedlings 



Matemal Parent 


Paternal Parent 


N' 


% 


Genotype 






DME/dme-l 


Wild-type 


94 


1 

99 


dme-l 
DME 






DME/dme-1, METI/metl-B 


Wild-type 


86 


25 
0 
30 
45 


dme-l 
dme-1 
DME 
DME 


met1-6 
METI 
met1-6 
METI 




MEA/ mea-3 


Wild-type 


89 


6 
94 


mea~3 
MEA 






MEA/mea-3, MET1/met1-6 


Wild-type 


64 


2 
0 
45 
53 




met1-6 
METI 
metl -6 
METI 


mea-3 
mea-3 
MEA 
MEA 


DME/dme-1, MEAJmea-3, METl/met1-€ 


Wiid-type 


. 68 


0 


dme-1 


metis 


mea-3 








0 


dme-1 


METI 


mea-3 








0 


DME 


met1-6 


mea-3 








0 


DME 


METI 


mea-3 








24 


dme-1 


metis 


MEA 








0 


dme-1 


METI 


MEA 








41 


DME 


metis 


MEA 








35 


DME 


METI 


MEA 



■Number of F, seedlings checked. 



interaction between the metl and dme mutations is a 
specific one. 

Suppression of dme by met1-6 Requires 
a Maternal Wild -Type MBA Allele 
DME functions upstream oiMEA to control seed viability 
(Choi et al., 2002). Like DME, inheritance of a matemal 
MEA allele is needed for seed viability while a paternal 
MEA allele is dispensable (Grossntklaus et al., 1998; 
Ktyosue et al., 1999; Luo et al., 1999). As a result, MEA/ 
mea-3 heterozygous plants pollinated with wild-type 
pollen produce siliques with a 1 :1 segregation ratio of 
viable and aborted seed (88:84, = 0.1, P > 0.8), and 
most viable Fi progeny inherit a matemal wild-type MEA 
allele (Table 1). 

Do metl mutations function upstream of, at the level 
of, or downstream of MEA to suppress dme-medlated 
seed abortion? We addressed this question genetically 
by determining whether mef 7 mutations suppress mea- 
mediated seed abortion. If downstream, a metl muta- 
tion would be expected to suppress mea-mediated seed 
abortion, whereas no suppression would be expected 
if metl functions at the level of MEA or upstream of 
MEA, To distinguish between these attematives, MEA/ 
mea-3 MET1/met1-6 heterozygous plants were polli- 
nated with wild-type pollen and the percentage of seed 
abortion and genotypes of progeny were analyzed. 
Siliques had a 1 :1 segregation ratio of viable and aborted 
seeds (107:84, = 2.7, P > 0.1) and essentially all of 
the viable F, progeny inherited a matemal wild-type MEA 
allele (Table 1). Thus, a matemal met1*6 allele does 
not suppress /nea-mediated seed abortion, suggesting 
METI functions either at the level of MEA or upstream 
OiMEA. 

If METI functions upstream of, or at, MEA, then a 
wild-type MEA allele should be necessary for metl sup- 
pression of dme-mediated seed abortion. To test this 



hypothesis, DME/dme-l MET1/met1-6 MEA/mea-3 het- 
erozygous plants were pollinated with wild-type pollen 
and the genotypes of viable Fi progeny were deter- 
mined. All viable F, progeny that inherited a matemal 
mutant dme- 7 allele also inherited a mutant metl -6 allele 
and a wild-type MEA allele (Table 1). Thus, a wild-type 
matemal MEA allele is required for suppression of dme 
by mef7-6 in the female gametophyte. These results 
indicate that mef 7 functions upstream of, or at, MEA in 
the female gametophyte to rescue the seed abortion 
caused by a matemal mutant dme allele. 

DME and METI Antagonism Regulates MEA 
Gene Expression 

DME is necessary for MEA RNA accumulation (Choi et 
al., 2002) and MEA RNA, present in wild-type flowers, 
is not detected in homozygous dme-1 flowers (Figure 
4). Suppression of dme by mef 7 mutations might be 
due, at least in part, to restoration of MEA gene expres- 
sion. To test this idea, we isolated RNA from homozy- 
gous mutant dme- 7 mef 7-6 flowers and measured the 




Stage 1-12 13 1-12 13 1-12 13 



Figure 4. METI and DME Genes Antagonistically Regulate MEA 
RNA Accumulation 

RNA was isolated from developing floral buds (stage 1-12) and 
open flowers (stage 13). The approximate level of MEA RNA was 
determined by semiquantitative RT-PCR as described (Choi et al., 
2002). Floral stages are as described (Bowman, 1994). Plants were 
homozygous for the indicated mutant alleles. WT, wild-type. 
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level of MEA RNA using reverse transcriptase polymer- 
ase chain reaction (RT-PCR) procedures. We found that 
the level of MEA RNA in dme-1 met1-6 flowers was 
similar to that in wild-type (Figure 4). This result shows 
that MET1 is necessary for suppression of MEA expres- 
sion in a dme mutant genetic background. 

To understand the spatial and temporal control of 
MEA gene expression by MET1 and DME during ovule 
and seed development, we analyzed the effect of metl 
and dme-t mutations on transcription of a MEA"GFP 
transgene consisting of 4.2 kb of MEA 5'-flanking se- 
quences ligated to the GFP reporter gene (Choi et al., 
2002). Essentially alt (>99%) prefertilization ovules from 
control transgenic plants homozygous for the M£A:;GFP 
transgene displayed strong fluorescence in the central 
cell nucleus and cytoplasm prior to fertilization. In a 
plant homozygous for the M£/\::GFP transgene and het- 
erozygous for DME /dme-1, we detected a 1:1 segrega- 
tion ratio of fluorescent and nonfluorescent ovules 
(164:149, 0.7. P > 0.4), suggesting that female 
gametophytes inheriting the dme-l mutant allele did 
not express the MEAr.GFP transgene (Figure 5/^. By 
contrast, in a plant homozygous for the MEA::GFP trans- 
gene, DME/dme-1, and METI/metl-G, a 3:1 segregation 
ratio of fluorescent and nonfluorescent ovules (253:99, 

= 1 .8, P > 0.25). was observed, suggesting that female 
gametophytes inheriting dme and metl mutant alleles 
expressed the MEAr.GFP transgene (Figure 5B). To ver- 
ify this hypothesis, we examined ovules from plants ho- 
mozygous for the MEAr.GFP transgene, dme-1 , and 
metl -6. We found that essentially all ovules contained 
fluorescent central cells (Figure 5C; 241 fluorescent 
among 245 checked). These experiments reveal that 
MET1 represses MEA promoter activity in a dme mutant 
central cell. 

Activation of the MEAr.GFP transgene by DME in the 
central cell is sufficient for postferttlization transcription 
of the MEAr.GFP transgene in the endosperm, when 
DME is no longer expressed (Choi et al., 2002). As a 
result, we observed a 1 :1 segregation of fluorescent eind 
nonfluorescent seeds 24 hr (Rgure 5D; 92:105, x^ - 0.9, 
P > 0.4) and 90 hr (Figure 5G; 165:151, x^ = 0.6, P > 
0.5) after plants homozygous for the MEArGFP trans- 
gene and heterozygous ior DME/dme-1 were pollinated 
with wild-type pollen. To determine whether activation 
of a MEArGFP transgene in a dme met mutant female 
gametophyte likewise persists after fertilization, we pol- 
linated flowers homozygous for the MEArGFP trans- 
gene, and heterozygous ior DME/dme-l, MET1/met1-6 
with wild-type pollen and observed GFP fluorescence 
in the endosperm of Fi seeds. We observed a 3:1 segre- 
gation of fluorescent and nonfluorescent seeds 24 hr 
(Figure 5E; 253:99, x^ = 1.8, P > 0.25) and 90 hr (Figure 
5H; 304:1 23, x* 3.3, P > 0.08) after pollination, showing 
that MEAr.GFP transcription persists in the endosperm 
after fertilization of dme metl female gametophytes. 
Thus, prefertilization activation of MEA promoter activity 
in a dme metl central cell is not suppressed postfertil- 
ization by a wild-type paternal MET1 allele. Consistent 
with this conclusion, essentially all F, seeds fluoresced 
24 hr (Figure 5F; 1 57 fluorescent among 1 61 checked) 
and 90 hr (Figure 51; 207 fluorescent among 209 
checked) after pollination of flowers homozygous for 
the MEAr.GFP transgene. dme-1, and metl -6. These 
results show that two DNA-modifying enzymes. DME 



DME/dme-i, homozYgPUS MEA::GFP 
MET1/MET1 MET1/meti-6 met1-6/met1-6 ' 




Figure 5. MET1 and DME Genes Antagonistically Regulate MEA 
Promoter Activity 

The GFP and chlorophyll fluorescence was converted to green and 
red, respectively, 

(A-<:) Fluorescence micrographs of stage 1 2 ovules. Arrows point 
to central cells. The genotype of the plant Is shovvn above the fluo- 
rescence micrographs. The scale bars represent 0.04 mm. 
(D-F) Ruorescence micrographs of seeds photographed 24 hr after 
a cross with wild-type pollen. The genotype of the pistil donor is 
shown above the fluorescence micrographs. The scale bars repre- 
sent 0.16 mm. 

(G-l) Fluorescence micrographs of seeds photographed 90 hr after 
a cross with wild-type pollen. The genotype of the pistil donor is 
shown at>ove the fluorescence micrograph. The scale bars represent 
0.32 mm. 



glycosylase and MET1 methyltransferase. antagonisti- 
cally regulate MEA expression in the central cell and en- 
dospenm. 

MET1 Is Necessary for Cytosine Methylation 
in the MEA Promoter 

What is the mechanism by which MET1 suppresses MEA 
gene transcription in a dme mutant central cell? We 
previously did not detect 6-methylcytosine residues in 
2 kb of MEA 5'-flanking sequences from Ler (Landsberg 
erecta ecotype) seeds or leaves, suggesting that DNA 
methylation does not play a direct role in the regulation 
of maternal MEA allele gene expression (Choi et al.. 
2002). However, the involvement of MET1 in the control 
of maternal MEA allele expression (Figure 4) prompted 
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US to examine the entire 4.2 kb MEA promoter that regu- 
lates expression of the MEA::GFP transgene (Figure 5), 
and to compare the patterns of methyl ation in wild-type 
and metf genetic backgrounds. 

Because DNA methylation is often associated with 
genes that are not expressed, we initially analyzed DNA 
isolated from stamens (Columbia glabrous [Col'g/] eco- 
type), an organ where MEA expression is not detected 
(data not shown). Using bisulfite sequencing methods 
(see Experimental Procedures), we identified three re- 
gions with significant cytosine methylation at -0.5 kb 
(-585 to -521), -3 kb (-3099 to -3071), and -4 kb 
(-4235 to -3800) relative to the translation start site of 
MEA. In wild-type seeds (Cot gl ecotype), DNA sequence 
analysis of approximately 20 top strand and 20 bottom 
strand clones revealed clusters of eight, four, and five 
methylated CpG sites in the -4 kb, -3 kb, and -0.5 kb 
regions, respectively (Figures 6A and 6C). In addition, 
the -4 kb region contained six CpNpG and 28 CpNpN 
methylated sites on the top strand, and four CpNpG 
and 46 CpNpN methylated sites on the bottom strand 
(Figure 6B; Supplemental Rgure SI at http://www. 
developmentalcell.eom/cgi/content/full/5/6/891/DC1). 
Similar results were obtained when wild-type seeds 
were isolated from Ler ecotype plants, except that the 
level of CpG methylation at -0.5 kb was reduced to 
approximately 1 0%, which may explain why it was not 
detected previously (Choi et al., 2002). These, results 
show that the 4.2 kb MEA promoter contains three re- 
gions with cytosine methylation. 

To determine whether l\^ET1 is responsible for main- 
taining cytosine methylation in the MEA promoter, we 
measured the level of cytosine methylation in met 1-6 
mutant seeds (Col gl ecotype). We found that CpG meth- 
ylation in the -4 kb, -3 kb, and -0.5 kb regions was 
dramatically reduced to 8%, 1%. and 0.7% in homozy- 
gous metis seeds compared with 81 %, 21 %, and 61 % 
in wild-type Col gl, respectively (Figure 6A). Methylation 
at CpNpG and asymmetric CpNpN sites was also sub- 
stantially reduced In met1-6 mutant seeds (Figure 6B). 
A similar reduction in cytosine methylation was ob- 
served in plants homozygous for the metl-5 allele (data 
not shown). Thus, MET1 is necessary to maintain cyto- 
sine methylation at the three distinct sites in the MEA 
promoter. 

Discussion 

We isolated mutations that suppress dme-mediated 
seed abortion to understand how MEA imprinting is reg- 
ulated. All mutations resided in the MET1 methyltrans- 
f erase gene that maintains cytosine methylation. Sup- 
pression requires a maternal wild-type MEA allele, 
suggesting that MET1 functions upstream of, or at, MEA. 
DME activates whereas MET1 suppresses MEA gene 
expression. Three regions in the MEA promoter are hy- 
pomethylated in mef 7 mutant seeds. Our analyses sug- 
gest a mechanism for the regulation of imprinted genes 
that are maternally expressed and paternally silenced 
in the endosperm, in the central cell of the female ga- 
metophyte, the MET1 methy transferase represses MEA 
gene transcription, but expression of DME DNA gfycosy- 
lase specifically in the central cell overcomes METI- 
mediated silencing and activates the maternal MEA 



allele expression that persists during endosperm devel- 
opment. 

Control of MEA Imprinting and Seed Viability 
in the Female Gametophyte by Antagonists 
DME and MET1 

Like DME DNA glycosylase, MET1 methyltransf erase 
functions in the female gametophyte. This conclusion 
is based upon data showing that inheritance of matemal 
mutant metl allele by the female gametophyte Is suffi- 
cient to rescue matemal MEA expression In the central 
cell and endosperm of dme mutant plants (Figure 5) and 
to restore seed viability (Figure 1 ; Table 1). In the genetic 
crosses shown in Figure 5 and Table 1, the patemal 
parents were wild-type, and the matemal heterozygous 
metl parents were derived from mutagenized plants 
that were never homozygous for mef t mutant alleles. 
Because rescue does not require that either parent be 
homozygous for a mutant metfallele, these data strongly 
suggest that MET1 methyltransferase, like DME DNA 
glycosylase (Choi et al., 2002), functions in the female 
gametophyte to control MEA imprinting and seed viabil- 
ity. This hypothesis is consistent with MET1 being nec- 
essary for epigenetic inheritance during plant gameto- 
genesis (Saze et al., 2003) and suggests that genes in 
the central celt, as well as in the egg, are eptgenetically 
modified by METI. 

In the maternal parent, METI methyltransferase func- 
tions at, or upstream of, MEA and controls imprinting 
and seed viability. This is based upon our demonstration 
that rescue of dme-mediated seed abortion by the ma- 
temal metl allele requires a wild-type matemal MEA 
allele (Table 1). MET1 methyltransferase may suppress 
maternal MEA allele expression by directly methylating 
the MEA promoter. This idea is supported by the fact 
that METI methyltransferase is responsible for main- 
taining cytosine methylation in three regions of the MEA 
promoter (Figure 6). Altematively, it is also possible that 
METI methylates, and thereby suppresses, an unknown 
gene that In turn activates matemal MEA expression. In 
either case, we propose that passive postmeiotic de- 
methylation associated with mitoses during mef t mu- 
tant female gametophyte development allows the ma- 
temal MEA allele to be expressed in the absence of 
DME DNA glycosylase activity (Figure 5). 

After fertilization, METI may be relatively unimportant 
for control of the expression of the matemal MEA allele. 
This is because the postfertilization expression of MEA 
is stably maintained (Figure 5), even though the METI 
methyltransferase is expressed (M.G.and R.L.F., unpub- 
lished results) and its antagonist, DME DNA glycosylase, 
is not expressed at that time. Thus, wild-type METI 
alleles cannot reestablish silencing of the matemal MEA 
allele in the endosperm (Figure 5), suggesting that epige- 
netic modification of the matemal MEA allele by DME 
DNA glycosylase cannot be reversed by METI methyl- 
transferase in the endosperm. 

Models for the Antagonistic Interaction 
between MET1 and DME 

The discovery of an antagonistic relationship between 
MET1 and DME has provided important Infomiation 
about DME function. In the absence of DME DNA glyco- 
sylase activity in a dme mutant female gametophyte, 
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Figure 6. Pattern of DNA Methylation in the MEA Promoter 

Percentage of CpG (A) and non-CpG {B) methylation in three regions of the MEA promoter Isolated from wild-type and mett-6 mutant seeds. 
(C) shows converted and non converted CpG sites in the sequenced clones in the three regions. Methylated and unmethylated cytosines are 
indicated by black and white circles, respectively. Number of sequences is relative to the translation start site of MEA, 



MET1 methyttransferase maintains suppression of the 
maternal MEA allele (Figure 5) by maintaining patterns of 
DNA methylation. Thus, in wild-type plants, an essential 
function of DME is to overcome MET1 methyltransferase 
activity In the central cell of the female gametophyte. 



How does DME overcome MET1 -mediated DNA meth- 
ylation and activate maternal MEA allele transcription in 
the central cell? One model is that DME DNA glycosylase 
excises 5-methy1cytosine. Completion of the base exci- 
sion DNA repair process would result in insertion of 
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a cytosine into the abasic site created by excision of 
5-methyIcytosine by DME. In support of this model, 
other related mammalian DNA glycosylases have been 
shown to excise 5-methylcytosine from the genome 
(Jost et al., 2001). Moreover, R0S1, the gene most 
closely related to DME in the Arabidopsis genome, re- 
presses DNA methylation-mediated transgene silencing 
in vivo and functions to excise 5-methylcytosine in vitro 
(Gong et al., 2002). Altematlvely, DME may use a more 
indirect mechanism to overcome MET1 -mediated si- 
lencing of the maternal MEA allele. For example, DNA 
nicking associated with the base excision DNA repair 
process may facilitate nucleosome sliding and alter 
chromatin structure, allowing access of transcription 
factors to activate MEA gene transcription or preventing 
maintenance of MEA promoter methylation by MET1 . 
This possibility is consistent with the broad pattem of 
nicks in the MEA promoter induced in vivo by DME (Choi 
et al., 2002). 

DME acts as an antagonist to MET1 in the central 
cell to control endosperm imprinting and seed viability. 
Because chromosomes inherited by the endosperm are 
not transmitted to progeny, DME- and MET1 -based epi- 
genetic modification of maternal alleles in the central 
eel! need not be reset at the next generation. Thus, the 
imprinting mechanism in plants regulated by two DNA- 
modifying enzymes, MET1 methyl transferase and DME 
glycosylase, is fundamentally different from that in mam- 
mals, where epigenetic modification including CpG 
methylation of imprinted genes is reset at every gener- 
ation. 

Experinnental Procedures 

Isolation of Mutations that Suppress dme 

Mutant dme alleles are not transmitted maternally (Choi et al, 2002), 
and in the Col gl ecotype are transmitted paternally at a reduced 
level. Thus, 15% of the progeny from self- pollinated DME/dme 
plants inherit the mutant dme allele, instead of the expeqted 75%. 
To isolate dme suppressors we selected lines with increased trans* 
mission of the dme mutant allele. Measuring transmission rate was 
facilitated by the fact that dme-1 and dme'2 mutant alleles (Choi 
et aL, 2002) are due to insertion of a pSKI015 T-DNA (Weigel et al., 
2000) with a BAR gene, which confers resistance to glufosinate 
ammonium herbicide (Basta; Crescent Chemical Co.). seeds from 
DME/dme-1 or DME/dme-2 self -pollinated plants were treated with 
ethylmethanesutfonate (EMS; Chad et at.. 1996). Approximately 
8,000 M| plants were grown and M2 seeds from four consecutive 
siliques were separately harvested, germinated, and the number of 
7-day-old seedlings counted. Seedlings were sprayed with Basta 
and 4 days later the number of Basta-resistant seedlings was 
counted. V^en the (percentage of Basta-resistant Mj seedlings sig- 
nificantly exceeded 15%, the percentage of Ma seed abortion in 
self-pollinated siliques was determined. Four putative dme sup- 
pressor lines (212, 1424, 6683, and 7598) were identified with a 3:1 
segregation ratio of viable and aborted seeds. Lines were crossed 
to wild-type (Col g/) six times to remove additional mutations. 

Cloning of dme Suppressors 

Line 21 2 was crossed to Ler, F, plants were self-pollinated, and the 
percentage of seed abortion was determined in 50 F2 plants. DNA 
from F, plants was isolated and the position of mutation 21 2 was 
mapped relative to molecular markers SNP126 (17.2 Mb) and PDC2 
(22.3 Mb). This procedure was used to map lines 1424, ^683, and 
7598. A population of approximately 600 F2 plants was used to map 
212 between markers CS229 (19.5 Mb) and CS227 (20.1 Mb), a 
region that spans the METl gene (1 9.9 Mb). By DNA sequencing, 
we identified a lesion in the METl gene from homozygous 212 
(mef7-5), 1424 (mef7-6). 6683 (men -7), and 7598 (men-0) plants. 



Primers for molecular markers are CS200 5'-TGACAAACCATnTATT 
TCATCG-3' and 5'-TGAGAGAAATCGCAGCCC-3'; CS229 5'-TTCT 
AGAGAAAAGTGGCTCACG-3' and 5'-TTGTAATCTGAATTAGCATA 
TCATG-3'; CS227 5'-AAAAAGACTmTCGACAAATCA-5' and 5'-GTG 
GCAGCCGCTGTAAAT-3'; CS225 5'-AGGGTAGCTTCGGTTCGG-3' 
and 5'-ATGCATGGGAATTGTGGG-3'. CS203 5'-CTGTCAAGTGTC 
AACAATCACC-3' and 5'-AGAATCTCAAACCCGTTATTCG-3'; CS214 
5'-CCTGCAAGTAAGGGCCAA-3' and S'-TCGCCATTGCAACTTTCA- 
3'; CS215 5'-TTGTTGCTCTTCAAATTTCTCG-3' and 5'-GAGAGTGA 
AATCTCTCTTGAAACG-3 ; CS218 5'-TrrGGCATCATGGCTCAA-3' 
and 5'-AGCCTTTCGAAATTCCGG-3'; CS206 5'-TGCCATCGCAAA 
AACTT-3' and 5'-TCTCAATACCCTCCCAATCG-3'. 

Plant Materials 

To prevent accumulation of epigenetic abnormalities, homozygous 
dme-f and mef /-6 plants were generated from self-poIllnated het- 
erozygous DMEJdme-l MET1/met1-6 plants. To detennine plant 
genotype, DNA was isolated, PGR amplified, and vkrhen necessary 
digested with restriction endonucleases. The dme-1 allele was de- 
tected by amplifying the BAR gene i^AR-F 5'-ATCTACCATGAGGC 
CAGAAC-3' and BAR-R 5'-GTCATGAGATCTCGGTGACG-3'). Tlie 
DME allele was detected by PCR amplification across the T-DNA 
insertion site {SKB-6 5'-CACTGAGATTAATTCTTCAGACTCGTG-3' 
and SKES2.5 5'-TTCAGACTCAGAGTCACCTTGC-3').The AtETT and 
met1-6 alleles were distinguished by amplification with dCAPs (Neff 
et al., 1998) primers i1424dBgUI 5'-TGTGACTGAGAACCGCTGT 
CAGGATGGTTTAAAGAGATG-3' and 1424F 5'-CGTACTATAAGAC 
CTCCGAAG-3') followed by digestion with BgllL MEA and mea-3 
alleles were distinguished as described (Yadegari et al., 2000). 

Microscopy 

Scanning electron microscopy (Bowman, 1994) and GFP fluores- 
cence microscopy (Yadegari et al., 2000) were perfomned as de- 
scribed. 

Bisulfite Genomic DNA Sequencing 

Stamens were collected from wild -type Col gf open flowers, l-ate 
heart and torpedo stage seeds were isolated from Gol gl wild-type 
plants. Heterozygous met1-€ Col gl plants were self-pollinated, ho- 
mozygous met1-€ Fi progeny were identified, self-pollinated, and 
late heart and torpedo stage homozygous met1-6 seeds were iso- 
lated. DNA (0.3-0.7 Jig) was digested with the restriction enzymes 
Xhol, Ndel, and PstI or Hindlll in a 20 (jlI reaction, boiled 2 min, 
placed on ice for 1 min, and treated with 2.2 ^lI of fresh 3 M NaOH 
at 37°C for 1 5 min. The rest of the treatment was as described 
(Jacobsen et al., 2000) except that the DNA was treated with 208 
^,1 sodium bisulfite solution, and the bisulfite conversion was at 55^*0 
for 15 min and gS'C for 30 s for 30 cycles. Two microliters of 50 
M-i of bisulfite-treated DNA was used in each PCR reaction. PCR 
reactions were 50 p.1 with 400-600 nM primers and 0.5 Ex Taq 
DNA polymerase and 1 x dNTPs (Takara). PCR conditions were 95*XJ 
5 min, 5 cycles of 9S^C 15 s, 60°C 3 min, 72^ 3 min followed by 10 
cycles of B5°0 15 s, 60''C 1 min, 72"C 2 min then 30 cycles of 95°C 
15 s, 50X 1 min 30 s, 72^ 2 min, and finally 72^ for 5 min. For some 
reactions a SO^C annealing temperature was used for all cycles. 

The bottom strand of the MEA promoter from -4248 to -1 (relative 
to the translation start site) was sequenced in Col gl stamens, a 
tissue where DME and MEA are not expressed. The promoter was 
amplified as 14 overlapping segments. Primer pairs are: mea3979F 
5'-CTARATTTTAATTTRCRRTRTACCRC-3' and mea4510R 5'-GGT 
TAYTAYATGTTGGTAATAATAAG-3'; mea4445F 5'-CATTAAAATCT 
ARTRRCARCCATCRTAAATAART-3' and mea4879R 5'-TGGGAA 
GAGAYTGTTGYTTGAATGAGA-3'; mea4800F 5'-CGAAACACACTT 
TCTTAAARCTTTATATACATCTTTCT-3' and mea5234R 5'-GAGAA 
YGATYYAGYAATGTATAGATGGG-3'; mea5212F 5'-CATTCCCATC 
TATACATTTRCTRRATCRTTC-3' and mea5582R 5'-TYYAAAYGTA 
TYTGAAGGTTAYGTTTAA-3'; mea5487F 5'-CTnTRRTCTAATRTR 
RTRRTRRARRCTAA-3' and mea6106R S'-TTYGTTATAAATYYTTG 
TGTTAAAAYGTAAAT-S': mea6020F 5'-CATTTARTTAACRTTATAA 
ARARTAAAAA-3' and mea6244R S'-GTGTTTGAYYATTAYATGGA 
TAAAGTT-3'; mea6167F 5'-TAATATTATRTACAACACACATrTAAT 
CTr-3' and mea6424R 5'-TAAAAAYATGTYYAAAYTTATGGTAAT 
GAAAAG-3'; mea6271F 5'-TCCATCTRCCRRCTRTRTTCATCRRTA 
AACC-3' and mea6589R 5'-GAAAATGGGATGATAYTGTTTYTTGA 
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ATGTG-3'; mea6610F 5'-TCTTACATCCTCTRTTCCTTCACA-3' and 
mea6812R 5'-GAAAGAGGAAAGATAGAGGGAGGA-3'; mea6790F 
5'-CCTCCCTCTATCTTTCCTCT-3' and mea6994R 5'-AGATGTAGA 
GATGGGAATGGAGAA-3'; mea6938F 5'-CCACARTCTCTCARRA 
AAACCARAATRCTCTRT-3' and mea7386R 5'-TGTAATAYATAYAY 
YAGTTYAYAAAATTGAGA-3'; niea7320F 5'-CRRCRRATARAGTTA 
ACCTCCCCATTCRT-3' and mea7627R 5'-TGTGAYATATATAYGG 
GTTAAATTYYTAGYAAGA-3'; mea7529F 5'-TATTTRACATATTATAC 
TCATCTCTTRAAT-S' and mea7935R 5'-GTYATTATATATATTAGT 
ArrYATTYYTAG-3' and mea7871F 5'-TTCTTCCATATATRCATAAT 
ATATAARC-3' and mea8396R 5'-GGATTTYATAAYYTAGTYAATTYA 
TATATG-3'. 

PGR products were cloned into the TOPO TA cloning vector 
pCR2.1 (Invjtrogen). Between four and seven individual clones were 
sequenced for ea^ segment. Additional clones were sequenced 
fronn the three segments (mea3970F to mea4510R, mea5212F to. 
mea5582R, and mea7529F to mea7935R) that showed nonconver- 
sion of a specific cytosine in two or more clones. The methylation 
status of the three segments on the top and bottom strand was 
detenrtined in seeds. Top strand primers are: mea3970TF 5'-TGT 
GAAAGAYTAGATTTTAATTTGYGGTG-3' and mea4455TR 5'-CCA 
CTARATTTTAATRCTTRI 1 1 1 IHATAATT-3'; mea4383TF 5'-GGAA 
GATTGTTAAATGTYAAATATTTAATT-3' and mea4583TR 5'-AACA 
CARCCRRCTRATRRACCATCCTC-3'; mea5028TFc 5'-GGTTGATG 
TTGGAATTTTATATATAATTTTG-S' and mea5337TRc 5'-CCACAAC 
TCTAAACCACATTAACATCAC-3'; and mea7520TFc 5'-GATGAT 
TATGTGTAAGATATTTGATATArr-3' and mea7933TRc 5'-CATTA 
TATATTAATATrCATTCCTAACT-3'. For wild-type seeds, between 
18 and 30 clones were sequenced for each strand, for metl seeds, 
between 12 and 23 clones were sequenced for each strand. 
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Note Added in Proof 

Recently it was shown that DME and MET1 regulate another gene, 
FWA, which is imprinted in the endosperm (Kinoshita et al.. 2003). 
DME activates expression of the maternal FWA allele, whereas MET1 
represses expression of the paternal FWA allele. Thus, control of 
maternal-specific expression by MET1 and DME may be a general 
mechanism for endosperm imprinting in Arabidopsis. 

Kinoshita, T., Miura. A., Choi, Y., Kinoshita, Y., Cao, X.. Jacobsen, 
S.E., Fischer. R.L., and Kakutani, T. (2003). A one-way control of 
FWA imprinting in Arab/dops/s endosperm by DNA methylation. Sci- 
ence, in press. 
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